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Various selenium compounds have found their way into modern society. The  element also 
succeeded in becoming a big issue in life sciences: nutrition, toxicology and healthcare are 
equally concerned. From the very moment it became renown as an essential element for 
human beings, it gained interest in food sciences. Extensive  research has been done and 
continues ardently in search for functional foods, i.e. foods containing Se in an appropriate 
form, so that people can maximally benefit from them. The fact that the range between 
toxicity and essentiality is very narrow puzzled toxicologists and alarmed nutritionists and 
legislators.  
The positive effects on human health appear to be substantial. They range from 
anticarcinogenic properties to beneficial effects for the cardiovascular system. It goes without 
saying that there is a great need for efficient analytical methodology, allowing full 
characterization and quantitative analysis of the Se-species in natural and manufactured 
foods and in nutraceuticals. Next comes the study of the metabolism of the Se-compounds in 
humans. These vast objectives uphold splendid challenges for analytical chemists 
specialized in the field.  
 
1.1 Daily requirement 
 
Selenium is a very important essential trace element for humans with a requirement of about 
1 µg kg-1 body weight daily. The term essential trace element is often used to indicate an 
element with an established, estimated or suspected requirement of less than 1 mg per day 
usually indicated as µg per day [RDA, 1989]. At least 18 elements have been classified in the 
category of ultra trace elements: aluminium, arsenic, boron, bromine, cadmium, chromium, 
fluorine, germanium, iodine, lead, lithium, molybdenum, nickel, rubidium, selenium, silicon, 
tin and vanadium. Some of these elements receive additional attention because of their 
toxicity and pharmacological properties, affecting  health and well-being. Two other elements 
are still under discussion, namely: cobalt and manganese. Cobalt is required in ultratrace 
amounts, but only under the form of vitamin B-12 and is usually discussed in the vitamin 
section. As for manganese the current requirements are: 2.5-5 mg per day, but there is 
evidence that the actual requirement is  nearer to 1 mg per day [Nielsen F.H., 1998].  
 
1.2 Essentiality  
 
The question whether an element is essential for human health is rather complex. The 
element should fulfil some criteria in order to be classified as such. Originally, an element 
was recognized as being essential when: (1) a dietary deficiency of the element led to 
consistent and adverse changes of a biological function from optimal and (2) these changes 
are prevented and reversed by dietary intake. Nowadays, (ultra)trace elements are 
considered essential when they have an explicit biochemical function. Other terms to classify 
the elements as essential recently appeared: conditionally essential, pharmacologically 
beneficial, nutritionally beneficial. A conditionally essential element is under normal 
conditions unnecessary, but becomes indispensable under certain pathological conditions 
[McCormick D.B., 1993]. These nutrients should be supplied to the diet in order to maintain 
health for certain people under certain conditions. The pharmacological action of an element 
is referred to as the ability of a nutrient in a diet to alleviate a condition other than the 
nutritional deficiency of that substance, or to alter biochemicals or biological structures in a 
therapeutic way [Nielsen F.H., 1985]. Finally, nutritionally beneficial elements are 
differentiated from pharmacologically beneficial elements in the amount that is necessary to 
produce a biological action, and in its effect (restorative instead of therapeutic) [Nielsen F.H., 
2000]. In general, essential trace elements are required by man in the range of 50 µg to 18 
mg per day. The following elements are considered as essential in animals and humans: 
arsenic, chromium, cobalt, copper, fluorine, iodine, iron, manganese, molybdenum, nickel, 
selenium, silicon, vanadium and zinc. In Figure 1.1 the essential trace elements are 
indicated in the periodic table. For each element there is a range of safe and adequate 
intake, within which homeostasis plays an important role in the maintenance of tissue 
concentration. Every trace element is potentially toxic when this range is exceeded. The 
values for optimal intake are susceptible to several parameters: age, gender, body weight, 















Trace and ultratrace elements play an important role in our life and on our planet. The 
beneficial effects these elements exert, are not only dependent on the dose of the element. 
The particular form under which the element is present is at least as important. The different 
chemical forms of an element are called ‘species’. The different species of a given element 
can have a different behaviour as to toxicology, clinical chemistry, geochemistry and 
environmental chemistry. Therefore, it is not only important to know the total concentration of 
a particular element, but also to know in which species the element is incorporated. For this 
reason, new developments in analytical techniques allowing the measurement and 
identification of these species are hot items. These analyses are referred to as ‘speciation’ 
analyses. But what is speciation, and how and when can we use it? The definitions according 
to the IUPAC recommendations are given below [Templeton D.M., 2000]: 
 
Chemical species: specific form of an element defined as to isotopic composition, electronic 
                               or oxidation state, and/or complex and molecular structure. 
Speciation analysis: analytical activities of identifying and/or measuring the quantities of one  
          or more individual chemical species in a sample. 
Speciation of an element: distribution of an element amongst defined chemical species in a 
       system. 
Fractionation: process of classification of an analyte or a group of analytes from a certain 
sample according to physical (e.g., size, solubility) or chemical (e.g., bonding,    
reactivity) properties. 
 
Species can be considered distinct on various levels. According to the variety they become 
important in different fields of chemistry. The aspects to be considered are: isotopic 
composition, electronic or oxidation state, inorganic compounds and complexes, 
organometallic compounds, and organic and macromolecular complexes. The oxidation state 
of an element can seriously affect the toxicity of the element. For example, Cr(VI) is highly 
toxic, while Cr(III) exhibits beneficial effects [Templeton D.M., 2000]. Furthermore, the 
oxidation state  can affect the absorption and elimination of an element. A certain element 
might be able to pass through a membrane under a certain oxidation state, while under 
another oxidation state it is unable to do so. Transport and bioavailablity of the elemental 
species are affected by charge, solubility and diffusion coefficient.  
Some organometallic compounds have a covalent bond between a carbon atom and a metal. 
Hydrophobicity and volatility are important factors in the toxicology of the elemental species. 
In living systems, inorganic species may be converted to alkylated compounds. In alkylation, 
distinction can be made between biomethylation of the compound or the addition of a longer 
alkyl chain. Some metals can only undergo biomethylation, others like As and Se can 
undergo both. These processes lead to selenoamino acids. These Se-metabolites are 
formed in  most organisms, including humans. For some metals,  such as Hg, methylation 
leads to increased toxicity. This is not the case for Se and As, since methylation aids in their 
detoxification. In this study the focus will mainly be on the analysis of the organoselenium 
compounds. 
Even though the total concentration of an element may be known it remains indispensable to 
characterize the species, because they give information on bioavailability, assimilation  and 
excretion. Toxic as well as beneficial effects need to be correlated, not only to the 
concentration of the element, but also to the nature of the compound. In medical sciences, 
any therapeutic, diagnostic or investigative use of trace elements should be based on 
speciation analyses [Templeton D.M., 2003]. Hence, efficient analytical techniques and 
powerful methods, allowing the distinction of the different species and their characterization, 




Knowledge on the levels of Se in food is constantly growing, but information on the chemical 
forms remains scarce. As a consequence, basic knowledge on the chemical forms that affect 
bioavailability, absorption and metabolization of the element is lacking behind. Due to its well 
published beneficial properties for human health, Se has become immensely popular. The 
market has become overwhelmed by nutritional supplements containing this ‘wonder’ 
element. There is, however, no quality control for this type of pharmaceuticals. Mostly the 
total concentration is given, but the consumer is kept dangling on the species present in 
these preparates. Therefore, there is an urgent need for adequate analytical methodology for 
unravelling these species. Care should be taken during sample preparation and analysis 
since transformation and loss of species constitute a risk. The low concentration of the trace 
element hampers the detection and requires sensitive instrumental equipment. Hence, the 
purpose of this work was to develop a method that allows the separation and detection of the 
elemental species and finally the characterization of the species in a diversity of complex 
matrices using hyphenated techniques.  
For the specific problems of speciation analysis, hyphenated techniques are of particular 
interest. Problems concerning detectability, compatibility of the separation method with the 
detection method, interference and serious signal suppression due to the matrix, are major 
problems to be dealt with. This work first focused on method development. It was then 
applied on Se-preparates and foodsources naturally rich in Se, the most renown one being 
Brazil nuts. Further research focused on Se-enriched garlic, since the Se-species 
metabolized are different in this food source. There was also a specific interest as to the 
differences in Se-species of food with natural levels versus those enriched in Se by growing 
on Se-rich soils. Further attention was paid as to the food digestibility, transformation, 
extractability and metabolization after consumption of the species from both Se-rich and Se-
enriched food. Another goal of this work was to characterize the species extracted from both 
types of Se-sources during human digestion. This was done by simulating the conditions in 
the digestive tract. The last aim was to detect the metabolites in human urine after 
consumption of Se-rich and Se-enriched food. During this work, separation techniques were 
coupled to both elemental and molecular mass spectrometry in order to meet the specific 
needs of elemental speciation.  
The lay-out of this work is as follows: in Chapter 2, general aspects on the element are 
presented. Special attention is paid to the worldwide distribution of Se and its impact on the 
food chain and human health. Chapter 3 focuses on the analytical techniques used in this 
study, while Chapter 4 gives an overview of the applied technology and the results on 
speciation analysis in different matrices. The first part of the experimental section (Chapter 5) 
describes the development of the method for the speciation analysis of several matrices. In 
this chapter, the optimization of the different parameters and compatibility of the 
experimental conditions of liquid chromatography coupled to both elemental (Hydride 
Generation Atomic Fluorescence Spectrometry and Inductively Coupled Plasma Mass 
Spectrometry) and molecular detection (Electrospray Ionization Tandem Mass Spectrometry) 
are discussed. The following chapters are devoted to the speciation of Se in Saccharomyces 
cerevisiae (yeast) (Chapter 6), the speciation of Se in Brazil nuts (Chapter 7) and in garlic 
(Chapter 8). Chapter 9 deals with the in vitro gastrointestinal digestion of supplements, Brazil 
nuts and garlic. In Chapter 10 the excretion of Se via the urinary tract is discussed. The final 
chapter (Chapter 11) deals with the application of gas chromatography-mass spectrometry 
for the analysis of urinary Se-metabolites in order to simplify and speed-up the monitoring of 
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Selenium (Se) was discovered in 1817 by the Swedish chemist Jöns Jacob Berzelius. The 
source of Se was a reddish deposit, obtained in burning pyrites, and covering the floor of a 
lead chamber in the manufacture of sulfuric acid. When examining this deposit Berzelius 
discovered the presence of an unknown substance with properties very much like those of 
tellurium. Since ‘tellus’ is the name of our planet, he named the new element: selenium, after 
the Greek Goddess of the moon: ‘Selene’. Although Berzelius is said to be the discoverer of 
Se, it was Marco Polo (13th century) who first observed the toxicity of Se, when he described 
the effect of a poisonous plant. When feeding on such a plant, hoofs of animals dropped off. 
It is now believed by scientists that this plant must have been able to take up high levels of 
Se from the soil and concentrate it up to toxic levels.  
 
2.2 Chemistry of selenium 
 
Se took its place in Mendeljev’s table in 1869. Its atomic number is 34 and its atomic mass is 
78.96. Se is located in group 16, between sulfur and tellurium and between arsenic and 
bromine in Period 4. It shares similar chemical properties with especially sulfur and to a 
lesser extent with tellurium. The 4 natural oxidation states are: (0) elemental Se; (-2) sodium 
selenide (Na2Se),  hydrogen selenide (H2Se); (+4)  sodium selenite (Na2SeO3), selenium 
dioxide (SeO2), selenious acid (H2SeO3); and (+6) sodium selenate (Na2SeO4), selenic acid 
(H2SeO4). Elemental Se is highly insoluble and very stable. Under reducing conditions it is 
formed from both selenite and selenate. Se has 6 stable isotopes, which are listed with their 
atomic mass and natural abundance in Table 2.1.  
 
Table 2.1: Naturally occurring isotopes of Se. 
 
Isotope Atomic mass (u) Natural abundance 
74Se 73.92247 0.89 
76Se 75.91921 9.37 
77Se 76.91991 7.63 
78Se 77.91731 23.77 
80Se 79.91651 49.61 
82Se 81.91669 8.73 
 
2.3 Biochemistry of selenium 
 
2.3.1 Organoselenium compounds 
 
Se shows properties similar to sulfur and is easily incorporated in biomolecules instead of 
sulfur. These molecules, however, possess different characteristics compared to their S 
analogues. For example, the replacement of S by Se in cysteine, results in a compound with 
different pKa values, Se as selenol (RSeH) is negatively charged at physiological pH, 
whereas its sulfur counterpart is mainly neutral under these conditions. Moreover, the bond 
stability of organoselenium compounds is lower than in the organosulfur analogues, resulting 
in a decrease in stability of the compounds. Despite their similarities, S and Se are not 
interchangeable in biological systems. Organoselenium compounds are more easily 
oxidized, are more liable to decomposition due to the presence of air and light and have 
rather unpleasant odors. Moreover, as Se-Cysteine is much more susceptible to degradation 
under acid hydrolysis conditions than its sulfur analogue, this hampers the analysis of 
proteins [Huber R.E., 1967]. Several of the organic Se-compounds play an important role in  
cell biochemistry and in nutrition. A considerable number of organic Se-compounds are 
already known (Table 2.2) [Lobinski R., 2000], [McSheehy S., 2003]. 
 
Table 2.2: Structural formulae of some Se-compounds. 
 

































































































































































2.3.2 Se in proteins 
 
Se can be incorporated into biopolymers: peptides and proteins. It occurs in all human 
tissues (mainly in the liver and kidney) [Reilly C., 1993]. In contrast to metal-protein 
complexes, Se is covalently bound into the proteins by a carbon-selenium bond. It can be 
incorporated in several ways as will be explained in § 2.5.1. Proteins containing Se can be 
divided into two categories, namely: selenoproteins and Se-containing proteins. In the first 
group Se is incorporated as a selenocysteinyl residue, in the latter as a selenomethionyl 
residue. Se-Cys is nowadays regarded as the 21st amino acid and is incorporated via the 
UGA nucleotide codon, which normally serves as a stopcodon. A schematic representation 
of both types of proteins is given in Figure 2.1. The selenoproteins are strictly Se dependent, 
their synthesis being subject to the availability of Se. When dietary intake of the element is 
deficient, synthesis of selenoproteins is reduced. Most of the available Se will be used in the 













Se is the key element in selenoprotein enzymes. These enzymes serve as redox catalysts 
and contain Se-Cysteine at their active site [Rocher C., 1992]. The increased nucleophilicity 
of selenium-containing compounds and proteins compared to that of the thiol-containing 
molecules might explain the presence of Se-Cys at their active site in many anti-oxidant 
proteins. Several selenoproteins have been isolated and probably the best known group is 
that of the glutathione peroxidases (GSHPx) (§ 2.3.3).  
Selenoprotein P is a glycoprotein, which contains up to ten Se-Cys residues per polypeptide 
chain. It is clear that this protein is an important source of Se, since 60-70% of the plasma-
Se is bound to this protein. This protein also possesses phospholipid hydroperoxide GPx 
activity [Saito Y., 1999]. Its precise role remains to be unraveled, but it has been 
hypothesized that it plays a role in transport and oxidant defense. When the supply of Se is 
diminished it has been shown that the synthesis of selenoprotein P gets priority over that of 
glutathione peroxidase [Burk R.F., 1994]. Therefore, this protein might be a valuable 
biochemical marker of Se-status. Thioredoxin reductase, another selenoprotein has a 
reductive function in combination with thioredoxin proteindisulfides. There is evidence for an 
increased risk of cancer when thioredoxin reductase activity is diminished [Gallegos A., 
1997]. The type I iodothyronine 5’-deiodinase plays a role in the control of thyroid hormone 
metabolism [Arthur J.R., 1994a]. Type II and III iodothyronine 5’-deiodinase are also Se-
dependent, although they do not exert the same role as the type I [Larsen P.R., 1995]. 
Research by Karimpour et al. demonstrated that there is a selenoprotein, present in the 
sperm mitochondrial capsule, which contains probably more than one Se-Cysteine residue 
[Karimpour I., 1992]. Selenoprotein W is a low molecular mass protein (10kDa), which seems 
to be involved in the metabolism of heart and other muscle tissues [Vendeland S.C., 1993].  
 
2.3.3 Of special interest: the working of glutathione peroxidase 
 
Glutathione peroxidase (GSHPx) is a tetrameric protein with 4 Se atoms per molecule. It was 
long believed that it was a single enzyme, but recently Arthur and Beckett discovered four 
distinct Se-Cys containing GSHPx’s, namely: cellular (or classical) GSHPx, plasma (or 
extracellular) GSHPx, phospholipid hydroperoxide GSHPx and gastrointestinal GSHPx 
[Arthur J.R., 1994b], [Holben D.H., 1999]. They all function in different subcellular 
compartments and deficiency of one of them results in organ-related diseases. The function 
of the GSHPx’s is to eliminate peroxides, which damage the membranes. The uncontrolled 
build up of peroxides results in premature cell lysis. Glutathion peroxide (GSHPx) and 
glutathione (GSH) play a role in the reduction of hydroperoxides to an alcohol. Its major 
biochemical role is thought to be the protection of erythrocyte membranes and tissues from 
organic peroxide damage [Stadtman T.C., 1980]. The enzymatic catalysis of glutathione 
peroxidase is thought to occur in 3 steps. Herein the Se-Cys plays a role as a selenol (R-
SeH). In the first step, the hydroperoxide (R’OOH) or hydrogenperoxide (H2O2) reacts with 
the selenol moiety to yield a selenenic acid (R-SeOH) and the corresponding alcohol (R’OH) 
or water (1). In the next step the R-SeOH is reduced by the action of a thiol (GSH) to form a 
selenosulphide (RSe-SG) (2). Subsequent reaction with GSH yields the original selenol  and 
glutathione in its oxidized form (GSSG) (3). The overall reaction is given in (4). From these 
reactions it can be seen that GSH reacts more as an ancillary reductant than as an anti-
oxidant. In the presence of NADPH and glutathione reductase (GR), GSSG is reduced to 
GSH (5) [Arteel G.E., 2001]. 
 
R-SeH + R’OOH → R-SeOH + R’OH   (1) 
R-SeH + H2O2  →R-SeOH + H2O 
R-SeOH + GSH → R-Se-SG + H2O    (2) 
R-Se-SG + GSH → R-SeH + GSSG    (3) 
R’OOH + 2GSH + GSHPx → R’OH + H2O + GSSG (4) 
 
GSSG + NADPH + GR → 2GSH + NADP+   (5) 
 
The glutathione peroxidase activity diminishes, when Se deficiency occurs. If sufficient Se is 
consumed, the activity of the enzyme increases until a maximum is reached. The GSHPx’s 
also have interdependent roles with other antioxidants (vitamin E, zinc,…), which help to 
prevent the formation of free radicals and, hence, to decrease the risk of oxidative damage of 
tissues [Holben D.H., 1999]. Cellular GSHPx also functions as a storage of Se.  
 




After its discovery in 1817, evidence of Se-toxicity was obtained in 1842. The first report on 
Se poisoning was reported in 1856 by an army surgeon in Nebraska. He observed a fatal 
disease amongst horses grazing in certain areas [Moxon A.L., 1943]. It took until 1929 before 
the experiments on ‘toxic grains’ started. In 1933 the culprit was suggested to be selenium. 
The first reports on carcinogenicity appeared in 1943, hence, a damaging image was created 
for Se [Nelson A.A., 1943]. There is no doubt that the scientific world reacted with skepticism 
in 1957 when evidence was gathered that Se might be an essential element [Schwarz K., 
1953], [Whanger P.D., 2002]. The nutritional importance of Se was demonstrated when the 
replacement of vitamin E by Se in experimental animal diets did not cause adverse effects 
[Combs C.F. Jr., 1990]. In the beginning of the 1970s, Se was shown to be an essential part 
of glutathione peroxidase (GSHPx) [Rotruck J.T., 1972]. Evidence for the essentiality of Se 
grew when a disease in China, called Keshan disease, a disorder caused at least partly by 
inadequate intake of Se in the diet, was discovered.  
2.4.2 Current status 
 
Nowadays, it is believed that Se is beneficial at lower concentrations. At higher 
concentrations the element becomes toxic. The range between deficiency, essentiality and 
toxicity is very narrow for this element. Wada stated that consumption of foods containing 
less than 0.1 µg Se g-1 results in deficiency, while consumption of foods containing more than 
1 µg Se g-1 results in toxicity [Wada O., 1993]. In Figure 2.2 Bertrand’s rule is illustrated for 
Se, which states that the function, for which Se is essential, is very low or absent in a 
theoretical absolute deficiency [Bertrand G., 1912]. It increases, however, with increasing 
intake of Se, followed by a plateau representing the maintenance of optimal function through 
homeostatic regulation. The function declines to zero when concentrations increase to a level 
at which it becomes toxic. Bertrand’s rule is valid for every essential trace element, although 
each one has its own specific dose/response curve. The organism has a powerful 
mechanism that maintains the optimal functioning throughout a wide range of intake of a 
certain element. For Se, dietary intakes that are between 30 µg per day (New Zealand) and 
300 µg per day (Venezuela) are compatible with good health  [Mertz W., 1981]. The chronic 
toxicity of Se is influenced by the chemical species and the bioavailability (§ 2.8) of the 
element present in a certain matrix and the animal species. Various substances (like arsenic, 
cysteine, metals, sulfate and vitamins A and E) can alter (mostly diminish) the toxicity of Se 
[Wilber C.G., 1980]. On the other hand, Se modifies the toxic effects of a variety of metals, 
e.g. As, Pb, Hg, Zn [Fan A.M., 1988]. Chronic Se poisoning is seen in residents living in 
areas with a high Se content. The symptoms of Se poisoning are: brittle nails, loss of hair, 
yellowish white or red discoloration may appear on the nails, skin lesions develop and garlic-
like odor of the breath (expiration of dimethylselenide) [Wilber C.G., 1980]. Guidelines for the 
upper intake level of Se have been established. The UL (Tolerable Upper Intake Level) is the 
highest level of daily nutrient intake that is likely to possess no risk of adverse health effects 






















The calculation of the UL is based on the values for the NOAEL (No Observed Adverse 
Effect Level) and the LOAEL (Lowest Observed Adverse Effect Level) and is divided by an 
uncertainty factor. The UL value for Se-intake for adults is 0.4 mg per day [Goldhaber S.B., 
2003]. 
Toxicity of Se, similar to other trace elements, is not only dependent on the total 
concentration of the element, but also on the species to which an individual is exposed. 
Table 2.3 shows some data on the toxicity of several Se species expressed as LD50. 
 
Table 2.3 : Acute toxicity of some common Se-compounds expressed as LD50. 
  [McConnell K.P., 1952], [Obermeyer B.D., 1971], [Olson O.E., 1986] 
 
Se-species Toxicity to rat 
Na2SeO3 5 mg kg-1 
Na2SeO4 5.5 mg kg-1 
DMSe 1600 mg  kg-1 
TMSe 49.4 mg kg-1 
 
2.4.3 Origin of toxicity 
 
Whereas a diet deficient in Se leads to a defective synthesis of Se-proteins (since the 
element is essential for the synthesis of the selenoenzymes) a too high intake causes 
toxicity. 
The reactive selenol group (-SeH), typically in the form of selenide or its equivalent, that is 
detected in the liver or bound non-selectively to proteins when excess Se is administered, 
causes toxicity. Toxicity is also induced by the fact that selenide may attack disulfide bridges 
in proteins and convert them to thiol groups, resulting in conformational changes in proteins. 
Selenide also forms stable metal selenides like metal sulfides, and may remove essential 
metals. Se in the form of selenide or selenol groups is easily produced by thiol groups in the 
body by action of GSH, that can reduce oxygen to give reactive oxygen species. In this way 
excessive Se is easily metabolized due to this redox reaction and hence the unregulated 
presence of Se in the body produces toxicity [Suzuki K.T., 2000].  
Se interacts with different metals in the body and reduces its own toxicity and the toxicity of 
the metals. This mechanism is not yet fully understood. According to Whanger et al. the 
NOAEL for a 70 kg man is 1000 µg per day, the LOAEL (at which hair loss and nail changes 
are observed) is 2000 µg per day, toxicity occurs at a dose of 6300 µg per day (µg per kg 
body weight per day: NOAEL 15, LOAEL 28, selenosis 90). This report lacks, however, data 






2.5  Se in the human body 
 
2.5.1 Metabolism of Se 
 
Se in different chemical forms, both organic and inorganic, and of different nutritional sources 
is transformed to the common intermediate selenide (Se2-) through metabolic action. Se-Cys 
is transformed to Se2- by β-lyase. Se-compounds other than Se-Met are more readily 
available for the biosynthesis of Se-proteins. Se2- can be transformed to selenophosphate 
and SeCysSeCystRNA and can be incorporated into Se-proteins via the UGA codon, which 
normally acts as a stop codon. Selenide can also be excreted after methylation. This makes 
selenide the checkpoint compound for further utilization or excretion by the body. Only Se of 
these species is used for the synthesis of selenoproteins. Se in these Se-proteins is present 
under the Se-Cys form, not equal to Se-containing proteins as discussed in § 2.3.2 Figure 
2.1 [Suzuki K.T., 2000]. The pathway leading to the formation of selenide is well regulated. In 
vivo experiments in rats have shown that intravenously injected selenite is taken up by the 
red blood cells and is reduced by glutathione (GSH) to selenide. It is then bound to albumin 
which transports the selenide to the liver. In the liver the Se is incorporated into selenoprotein 
P as a Se-Cys residue via the action of the UGA codon. The selenoprotein P is excreted, 
transported to the kidneys, where it is degraded and used for incorporation into extracellular 
glutathione peroxidase [Bendahl L., 2004], [Kobayashi Y., 2001]. 
In contrast to plants (see section 2.9), there is no known pathway for the synthesis of Se-Met 
from inorganic Se in humans and animals. Se-Met can follow two pathways: the regular one, 
which includes the transformation to Se2- and the irregular one. When following the regular 
pathway, Se-Met is converted to Se-Cys via selenocysthatione, the same way as the 
transformation of Met to Cys. When following the irregular pathway, Se-Met enters the Met 
pool and is directly incorporated in its intact form into proteins (Se-containing-proteins) 
instead of Met [Suzuki K.T., 2002]. In this way, Se-Met is absorbed from nutritional sources 
more rapidly than any other chemical form of Se. The Se-Met is randomly incorporated into 
several tissue proteins when following the irregular pathway. Figure 2.3 gives a schematic 
overview of the metabolism of Se. Se-Met in a nutritional source can be stored in the body 
incorporated in general proteins. This form of Se-Met seems to be a stable and safe storage 
mode for Se. It can, later on, be liberated from the proteins as a Se-species [Suzuki K.T., 
2005]. 
Excessive Se taken up by the body as well as anabolites of Se-proteins, is mainly excreted 
through breath and urine after methylation. This methylation seems to be a form of 
detoxification. According to Itoh et al. [Itoh M., 1997], the methylated forms of Se are 
excreted in the following order: methylselenol (CH3SeH) is excreted via urine at low intake of 
Se, when more Se is taken, the trimethylselenonium ion (TMSe+) is also excreted via urine. 
Finally, dimethylselenide (DMSe) is exhaled when excessive Se is consumed. The order of 
excretion is in agreement with the toxicity of the compounds (Table 2.3) [Francesconi K., 
2004], [Olsen O., 1986]. DMSe is only exhaled when the limit concentration of TMSe is 
reached. The donor of a methyl group for methylation is S-adenosylmethionine, the transfer 
is assumed to be catalyzed by methyltransferase at each step. 
In this scheme Se-MethylSelenoCysteine (Se-MeSeCys) and γ-glutamyl-
SelenoMethylSelenoCysteine are not included. The γ-glutamyl derivative is metabolized in 
the same way as the Se-MeSeCys, since it is easily converted to Se-MeSeCys. Se-
MeSeCys is converted directly to methylselenol when cleaved by β-lyase and, unlike Se-Met, 
it can not be incorporated non-specifically into proteins. Hence this compound cannot serve 
as a reserve of Se as do the Se-containing proteins (§ 8.1). On the other hand, the direct 
conversion to methylselenol is seen as the key step in cancer chemoprevention [Whanger 






























Figure 2.3 : Schematic overview of the Se-metabolism (according to [Suzuki K.T., 2000]). 
 
2.5.2 Se in blood 
 
Blood samples are used for Se analyses. Blood serum is preferred to plasma for speciation 
of Se, since no anti-coagulant is added to the blood, which could form complexes with the 
element of interest. About 75% of the total Se in whole blood is present in plasma/serum. 
Levels in plasma and serum reflect the recent dietary intakes of an individual and hence are 
related to the short term Se status. Erythrocytes on the other hand are markers for long-term 
Se-status. Presumably, they reflect the intake of Se over their 120-day live span. 
Glutathione-peroxidase activity is often measured in whole blood or platelets, as this 
parameter is considered to be a good indicator of Se-status and decreases when deficiency 
is reached [Arthur J.R., 1999], [Diplock A.T., 1993]. The Se-levels in blood reflect mainly 
dietary habits, but age, various diseases and health conditions also determine the Se-
concentration in human blood. The reference levels of Se in plasma or serum are between 
53 +/- 20.7 and 161 +/- 19 µg Se l-1 [Versieck J., 1989]. Although this is not an universal 
reference range because geographical variation in selenium intake has a too large impact on 
the levels. Table 2.4 gives an overview of the Se-levels in serum of healthy individuals in 
several countries [Alfthan G., 1996]. A recent study by Van Cauwenbergh et al. concentrated 
on the serum Se-levels of healthy adults in the Antwerp region (Belgium). The mean value 
was 84.3 +/- 9.4 µg Se l-1 with a broad range of 51.4-121.7 µg Se l-1. The samples were 
taken from the same individuals every month during 1 year. The intra-individual differences 
were high, which was linked to seasonal changes in the composition of the diet [Van 
Cauwenbergh R., 2004]. Se concentrations in serum of individuals all over Belgium ranged 
from 73-110 µg Se l-1. Se-levels in serum of children are remarkably lower. A number of 
studies showed that Se levels which were already low at birth, drop even further during the 
first months after birth [Lombeck I., 1977], [Verlinden M., 1983]. According to research by 
Lombeck et al. the Se levels in the serum of newborns is about 50 µg l-1, after two months 
the value was only 40 µg l-1, from that moment on the concentration in serum steadily rises 
[Lombeck I., 1977]. The concentration decreases starting from the age of 60. Serum Se 
levels were classified by Nève as ‘low’ when serum Se was between 50 and 60 µg l-1 and as 
‘high’ when serum Se-levels were above 100-120 µg l-1. Normal values are considered to be 
in between [Nève J., 1991]. 
 
Table 2.4: Se-concentration (µg l-1) in serum samples from healthy individuals from several 
countries. 
 
Country Se concentration 
(µg l-1) 
Country Se concentration 
(µg l-1) 
China (Keshan area) 23.9 Spain 74-84 
Belgium 73-110 Brazil * 
Turkey 58-113 The Netherlands  93.6 
Sweden 105 Switzerland 96-113 
United Kingdom 60-81 USA 95-320 
France 84.7 Finland 77-134 
Germany 63-106 Japan * 
Italy 76-94 China (Enshi Province ) 1300-7500 
*No data available 
Serum Se-concentrations are within the same range in the different European countries 
shown here. The lowest Se-values were measured in Eastern European countries, whereas 
the highest levels were observed in Scandinavian countries. The latter is probably due to the 
elevated fish consumption, the import of wheat and the fertilization program [Van 
Cauwenberghe R., 2004]. Recent research showed that inadequate serum Se-levels could 
be remedied by the consumption of honey, tea and ham. Se-losses also occur due to the 
consumption of alcohol. On the other hand adequate serum Se-levels were positively 
correlated with frequent consumption of wholegrain bread and fruit [Borawska M.H., 2004]. 
Se-supplementation (either 50 or 100 µg Se per day as Se-yeast) resulted in a continuous 
increase in serum Se-concentration. The highest concentrations were observed after 3 
months of supplementation [Kvicala J., 2003]. Serum Se levels are also influenced by other  
physiological conditions such as age. The serum concentrations are associated with 
coronary risk factors such as body mass index, physical activity [Ghayour-Mobarhan M., 
2005]. 
 
2.5.3 Se in urine 
 
Almost all ingested Se (70-100%) is absorbed from the intestine, apparently without any form 
of homeostatic or physiological control. This implies that the amount of Se absorbed by the 
human body mainly depends on the bioavailability of the Se-species [Stewart R.D.H., 1978]. 
Se is mainly (50-70%) excreted in urine via the kidneys, in faeces via the gastrointestinal 
tract and in expired air via the lungs. The renal system may play a role in the adaptation of 
the body to low dietary Se-intakes by reducing the excretion. Se-excretion via the breath only 
occurs when intake is extremely high. The garlic-like odor of the breath is characteristic of 
selenium intoxication [Reilly C., 1996]. Se is excreted via methylated species through the 
breath (dimethylselenide (DMSe) (or dimethyldiselenide (DMDSe)) §2.5.1) [Stahl W., 2002]. 
Excretion of Se is dependent on several factors: intake of Se, the type of diet from which Se 
is absorbed (presence of interfering compounds and compounds inhibiting Se-absorption 
and metabolization) and the form under which Se is consumed. When elevated amounts of 
Se are ingested, the regulatory mechanism might be activated, resulting in the replenishment 
of organs (when the body is Se-deficient) and later on the excretion of the excessive 
amounts of the element [Kvicala J., 2003]. As is shown in Table 2.5, Se-excretion is very 
much region dependent, due to the difference in Se-uptake via the typical diet [Robberecht 
H.J., 1984], [Thomassen Y., 1989]. It was stated that urinary levels range from 20-200 µg l-1 
and are not related to either deficiency or toxicity [Sanz-Alaejos M., 1993]. All values given in 
the table are highly susceptible to changes due to differences in food consumption. 
 
 
Table 2.5: Se-excretion via urine in several countries. 
 
Country Se concentration 
(µg l-1) 
Country Se concentration 
(µg l-1) 
China (Keshan area) 7 Spain * 
Belgium 13-30 Brazil * 
Turkey * The Netherlands  * 
Sweden 36 Switzerland * 
United Kingdom 5 USA 19.2-118 
France 12.3 Finland * 
Germany 16-23 Japan 36-288 
Italy 7.4 China (Enshi Province ) 2680 
*No data available 
 
From this table it is seen that Se-excretion is related to the Se in soil content of the area 
(compare with Table 2.9 presented further). A remarkable fact is the value for the U.K. which 
is even lower than that for the Se-deficient area in China.  
Se in urine has been used as the indicator for Se intoxication or exposure [Nève J., 1980]. 
The Se excretion of an individual alters under several pathological conditions (cancer, 
hypertension, epilepsy, Crohn’s disease) and, hence, care should be taken when Se-
excretion is evaluated [Robberecht H.J., 1984]. 
 
2.5.4 Se in breast milk 
 
Variations in Se levels in human breast milk are mainly due to fluctuations in the Se intake 
via food. Breast milk Se metabolism and secretion is also affected by environmental and 
maternal constitutional factors. The Se-concentration in breast milk responds to both organic 
and inorganic Se-supplementation. Although, Se is mainly supplemented under the inorganic 
form during lactation, inorganic Se is not detectable in the milk. A large experimental set-up 
over several countries revealed that the level of Se in breast milk of women fed a normal diet  
was between 13 and 33 µg l-1. The variability in the levels is attributed to the different 
geographical regions of the lactating women and the differences in food culture [WHO, 
1989]. This was supported by the fact that women in Finland (before Se-fertilization was 
used) and New-Zealand had Se levels of 6 µg l-1 and 7.6 µg l-1, respectively, in their breast 
milk [Kumpulainen J.T., 1983], [Williams M.M.F., 1983]. The mammary-gland regulating 
mechanism controls the synthesis and secretion of seleno-compounds throughout lactation, 
with the highest amount of Se excreted in the beginning of the lactation. The median Se-
concentrations worldwide are: 26, 18, 15 and 17 µg Se l-1 in colostrum (0-5 days), transitional 
milk (6-21 days), mature milk (1-3 months) and late lactation (>5 months), respectively 
[Dorea J.G., 2002]. A study by Robberecht et al. showed that the amount of Se declines from 
14.8 µg l-1 (colostrum) to 9.4 µg l-1 (after 1 month) after which a plateau is reached. This 
results in a total intake of 7.1-8.1 µg per day by 3 month old babies fed with breast milk. 
These values are lower than in most other countries. Intake of these levels by infants does 
not meet the recommended safe and adequate daily intake: 10 µg per day. For comparison, 
some values for human breast milk in other countries are given in Table 2.6 [Dorea J.G., 
2002], [Robberecht H., 1985]. There is a high variability of the different values between 
different research groups as was clear from a review by Dorea [Dorea J.G., 2002]. 
Nevertheless, the variation of Se-concentration worldwide is lower than for Se in serum and 
plasma. 
 
Table 2.6: Se-concentration in human breast milk (mature milk) in several countries. 
 
Country Se concentration 
(µg l1) 
Country Se concentration 
(µg l1) 
China (Keshan area) 3.0 Spain 11.4-21.7 
Belgium 9.7-15.3 Brazil 14.1 
Turkey 11.2-48.6 Netherlands  * 
Sweden 13.1 Switzerland * 
United Kingdom 8.3 USA 7-105 
France * Finland 6-14.3 
Germany 9.9-59 Japan 11.2-40.3 
Italy 13.3 China (Enshi Province ) 94.8-120.5 
*No data available 
 
As is clear from this table, values fluctuate even within the same country. Due to the low Se-
concentration, data on Se-speciation in human milk are scarce. Se mainly appears in breast 
milk as a constituent of Se-proteins and Se-amino acids in milk proteins which are well 
tolerated by breast-fed infants. Se in breast milk appears as glutathione peroxidase (4-32% 
of the total Se amount) >Se-Cystamine>Se-Cystine>Se-Methionine [Dorea J.G., 2002]. The 
bioavailability of Se is related to the gastric digestibility of milk proteins. A study in Poland 
revealed that Se supplemented as Se-yeast during 3 months resulted in a rise of the Se level 
in milk from 8.9 to a plateau of 14-16 µg l-1 in 1 month [Trafikowska U., 1998]. Furthermore, 
Se in the yeast prevented the early decline of Se in milk, which is observed in non-
supplemented individuals. Lactating mothers living in seleniferious areas are subject to 
elevated Se intakes. Nevertheless, there have been no reports on adverse effects in infants 
due to elevated Se intake by the mothers [Bratter P., 1991]. It seems that the excretion of Se 
in breast-milk is well regulated and protects infants from selenosis. Although Se is often 
added to formula milk, the Se-status in breast-fed infants is more adequate. 
 
2.5.5 Se in hair and nails 
 
Although the main excretion route for Se is via urine, part of the Se is excreted from the body 
via the hair and nails. The excretion of Se via hair and nails is negligible compared to that in 
urine. The importance of Se in both hair and nails is that it reflects the long-term status of the 
individual. They provide a convenient, non-invasive method for assessing the Se-status of 
the body [Oelschlager W., 1969]. There is evidence for a strong correlation between whole-
blood selenium and Se in hair. The evaluation of the Se-concentration in hair can be 
hindered by the possible contamination of Se by certain shampoos [Chen X., 1980]. 
Differences in the amounts and chemical forms of Se administered were shown to be best 
monitored in hair and plasma or in nails and plasma [Behne D., 1996]. Most of the data 
describing the Se-concentrations in hair of Europeans lie in the range of 0.3-0.6 µg Se g-1 
[Pinheiro M.C., 2005]. Hair Se concentrations were determined in various regions in China. 
In the Se-adequate area, Se concentration in hair was: 0.36 +/- 0.16 µg Se g-1 (comparable 
to the value for Europe). Values of 3.7 and 0.16 µg Se g-1 hair were reported for seleniferious 
and Se-deficient areas in China, respectively [Thomassen Y., 1989]. 
It may be interesting to report on a study about the influence of the chemical form of Se in 
the diet on the total Se-concentration in hair. Experiments with rats revealed that animals fed 
a normal diet had a concentration of 0.8-0.9 µg Se g-1 in their hair, which decreased to less 
than half when fed a Se-deficient diet for 3 weeks. The trends were the same when feeding 
the rats with selenite or Se-Methionine. Major differences were observed when they were fed 
excessive Se. When selenite was added to the diet, the concentration of Se in hair raised to 
the normal level and reached a plateau. When Se-Methionine was added to the diet the Se 
level increased up to seven fold the normal level after which the high concentration was 
maintained [Shiobara Y., 1998]. Another study focusing on the Se-concentration in nails of 
mothers (post partum) revealed that the Se-concentration was 0.90 +/- 0.27 µg g-1 [Alonso 
M.J., 2005]. 
Human studies on the total Se concentration in nails are scarce. One study by Mason et al., 
revealed that the Se concentration in nails under normal dietary conditions varies from 0.65-
6.3 µg Se g-1, with a mean value of 0.98 µg Se g-1 [Mason M.M., 1998]. 
 
2.5.6 Se in tissues 
 
The Se-components in blood serum are mainly incorporated into proteins and are 
transported as such throughout the body. It is presumed that the selenium-species, 
deposited in internal organs, is sooner or later converted to functionally active forms. 
Distribution of Se-species among the different organs has been documented and the overall 
conclusion is that the highest Se-amount is present in the order: kidney > liver > spleen > 
testes > heart muscle > lung > brain [Chen C.Y., 2005] [Schroeder H.A., 1970]. 
Concentrations in the different body compartments are highly related to the ingested amount 
and the forms. There is, however, a kind of hierarchy to which organs the Se will be 
transported. When intakes are adequate, Se is mainly present in the liver and kidney. When 
there is a deficient intake, the amounts of Se in liver and in muscle are markedly reduced, 
whereas the concentration in the kidney is maintained [Oldfield J.E., 1992]. 
Se in liver is generally considered as a good indicator of the Se-status of an individual. Thus 
high concentrations are found e.g. in the liver of people living in Venezuela, Enshi province in 
China, South Dakota (U.S.A.) and low concentrations are found e.g. in people living in New-
Zealand and Finland (prior to the fertilization program). The value of Se in human liver varies 
from 0.2 to 2.3 mg kg-1 wet weight. The concentration of glutathione and Se is 2-3 times 
higher in liver cells than in erythrocytes, indicative for a much higher enzymatic activity in the 
liver, presumably related to the detoxification processes of peroxidative substances in liver. 
Se in spleen is approximately 60-70% that of the concentration in liver. Se in kidney is higher 
than that found in liver. Values vary from 0.75 mg kg-1 (low Se-areas) up to 1.50 mg kg-1 
(high Se-areas), e.g., a Polish study revealed a concentration of 0.79 +/- 0.19 mg kg-1 [Hac 
E., 2003]. Similar to liver, high amounts of glutathione and glutathione peroxidase are 
detected in kidney. Kidneys play a major role in the overall detoxification processes of the 
human body. 
Se found in heart and skeletal muscle can be as low as 0.06 mg kg-1 (people suffering from 
cardiomyopathy). Concentrations in healthy individuals in areas with medium Se intake are 
between 0.2 and 0.3 mg kg-1. Values for Japan are remarkably higher: up to 1.9 mg kg-1 wet 
weight. The concentration in skeletal muscle is somewhat lower although it covers 40% of 
the total amount of Se in the human body. For Europe, the concentration lies between 0.1 
and 0.2 mg kg-1 while concentrations in North America and Japan are higher (0.3-0.4 mg kg-
1). 
Only a few reports are available concerning Se in the brain. The concentration is not only 
dependent on the dietary intake but also on some external factors and on the exposure of 
other metal species (e.g. Hg, Cd), inducing the transport of metal complexes to the brain. 
Observed values ranged from 0.15-0.20 mg kg-1, depending on the geographical region. The 
Se concentration in brain is particularly well maintained, even after prolonged dietary Se 
deficiency [Chen J., 2003].  
Reported values for Se in lung tissue vary from 0.10 to at least 0.21 mg kg-1 [Thomassen Y., 
1989]. 
Studies in Canada, U.S.A., Japan, New-Zealand and Germany reveal that the Se content in 
organs is a consequence of dietary Se intake. Tissue levels in New Zealand are low, since 
their dietary intake is low, tissue levels in U.S.A., Japan and Canada are higher as could be 
anticipated from the daily intake of Se. Between all tissue concentrations, the one in the 
kidneys is the most stable as they play a prominent role in the homeostatic maintenance of 
Se in the body. The amount of Se in kidney is also the one that is subject to a lesser extent 
to any geographical variations compared to other tissues [Oster O., 1988]. 
 
 
2.6 The role of selenium in human health 
 
Worldwide, several studies are devoted to the effect of Se intake via food on human health. 
Probably one of the largest projects running for the moment is the PRECISE trial 
(PREvention of Cancer through Intervention with Selenium). In this project, a randomized, 
placebo-controlled study uses 32000 healthy volunteers, aged 60-74 years, with an equal 
distribution of men and women. During 5 years, the participants will receive a Se-supplement 
or a placebo [Moesgaard S., 2001].  
  
2.6.1 Se-related human diseases 
 
Decades ago, the evidence grew for Se to be an essential element for humans. Reduced 
and insufficient intake of this element lead to health problems. Two endemic diseases related 
to insufficient intake of Se have been elucidated in China in a region where the soil is 
depleted of Se and hence vegetables are low in Se concentration. Keshan disease is a 
cardiovascular disease, which mainly affects children and young women. The disease 
includes chronic cardiac insufficiency, heart enlargement and rhythm disorder. Several 
studies were devoted to this disease and supplementation with Se diminishes the incidence 
of Keshan disease [Chen X., 1980]. Kashin-Beck disease is characterized by chronic 
disabling degenerative osteoarthritis and it affects about 2 million children in China, North 
Korea and several parts of Russia. The etiology of the disease remains unclear, but Se 
deficiency (and hence the reduced antioxidative activity), contamination of grain by fungi and 
high concentrations of fulvic acid are proposed to be contributing factors [Peng A., 1992]. 
The diseases might occur due to the combination of several factors: low Se-intake and high 
oxidative stress, together with low GSHPx activity, insufficient nutrients, chemicals and 
inflammatory processes associated with white cell and macrophage action.  
 
2.6.2 Se and the prevention of diseases 
 
Apart from the above mentioned diseases related to insufficient intake of Se, the element is 
supposed to play a role in the defense mechanism against other diseases: cancer, immune 
deficient diseases,… 
Furthermore, as several chronic diseases are associated with low Se intake, maintenance of 
an adequate level is therefore of the utmost importance in health sustenance, prevention of 
several diseases and creation of general well-being. 
Low selenium-levels in blood have been associated with a higher rate of cardiovascular 
diseases. Add to this that a lower Se intake results in reduced anti-oxidative defense, which 
in its turn can result in an accumulation of fatty acid peroxides, damaged cells and enhanced 
production of molecules causing blood clots. 
Low Se intake is also related to an increased risk of cancer. It was long believed that Se was 
a carcinogen, but from the 1920’s on evidence for the therapeutic action and 
anticarcinogenic properties of this element grew steadily. Many Se compounds consumed at 
a level exceeding the daily needs, resulted in a reduced occurrence of tumors in animal 
models [Clark L.C., 1996]. Several studies were devoted to this topic and epidemiological 
studies on the correlation between Se status and cancer mortality provide evidence for Se to 
be a chemopreventing agent. Experimental carcinogenesis studies were carried out, in which 
it was found that Se-compounds have the tendency of inhibiting and/or retarding 
tumorigenesis. Clinical trials also showed that Se treatment is associated with lower 
incidences of certain types of cancer [Combs G.F., 1998], [Diplock A.T., 1987]. Experimental 
antitumorigenic activity of Se could only be associated with supranutritional doses of Se. The 
levels of Se intake were at least 10 times higher than those required to prevent clinical signs 
of deficiency. According to Combs et al., a two stage model has to be used in order to 
observe the preventive role of Se in cancer. They suggest that Se has 2 fundamental roles in 
cancer prevention, namely: as essential components of antioxidative enzymes and as 
anticarcinogenic metabolites [Combs G.F., 1998]. A model  for these roles in the prevention 
of cancer is given in Fig. 2.4, This curve is a more detailed curve of the left part of Fig. 2.2: 
the dose/response curve of Se. Not all species of Se have the same effect on tumors. Many 
studies have been devoted and focused on the effectiveness of several Se-compounds in the 
battle against cancer. According to a study by Ip et al. it seemed that selenobetaine, its 
methylester and Se-MethylSeCysteine were the most effective agents in inhibiting tumor 
formation. The selenoamino acids were about half as effective, the effectiveness of the 
inorganic form selenite lays somewhere in between. It seemed that the trimethylselenonium-















Figure 2.4 : Two-stage model of Se in the prevention of cancer ([Combs G.F., 1998]). 
Table 2.7 shows the dietary intake needed from several Se-species for observation of 50% 
reduction in mammary tumors in rats [Ip C., 1992, 1993, 1994a, b]. This makes Se-speciation 
a high priority subject in cancer research. 
 
Table 2.7: Anticarcinogenic efficacy of several Se-compounds in the reduction of mammary 
tumors (rats). 
 









Trimethylselenoxide > 10 
Trimethylselenonium No effect at 80 µg g-1 
 
For further information on the use of Se in cancer therapy, the reader is referred to a review 
by Ladas et al. [Ladas E.J., 2004]. Patients with chronic renal failure, patients undergoing 
hemodialysis and those on total parenteral nutrition have lower plasma Se concentrations 
and GSHPx activity. People infected with HIV-1 (human immunodeficiency virus type-1) are 
also Se-deficient and Se-supplements resulted in beneficial effects [Holben D.H., 1999]. Se 
is also mentioned in the retardation of the HIV virus proliferation. Furthermore, deficiency of 
this nutrient was documented to correlate with progression and mortality of HIV [Baum M.K., 
1997]. Severely depleted Se levels were observed in patients suffering from liver disease 
(cirrhosis, hepatitis), rheumatoid arthritis and cardiomyopathy [Aaseth J., 1998], [Navarro-
Alarcón M., 2002], [Rivera M.T., 2002]. 
Diabetes mellitus has been related to alteration in the homeostasis of Se. This chronic 
disease requires long-term management to protect patients from diabetic complications 
(higher risk of coronary heart disease, stroke, vascular disease, higher blood pressure). 
There is, however, controversy amongst the different clinical studies undertaken to evaluate 
increased or lowered Se levels in serum of diabetes mellitus patients. Further research is 
needed in order to unravel the role of Se in this disease and its effect on the metabolism of 
diabetic subjects. It was stated that Se induces an improvement of glucose homeostasis in 




A too low Se intake leads to several diseases, but an excessive intake of the element results 
in intoxication or selenosis. Selenosis occurs in areas where the soil contains high amounts 
of Se (up to 84 mg Se kg-1). People consuming fruits and vegetables grown on these lands, 
consume a high, maybe an even too high amount of Se, finally resulting in Se-poisoning. The 
symptoms observed in the case of selenosis are: hair loss, damaged nails, abnormalities of 
the nervous system, skin rash, gastrointestinal problems and a garlic breath odor. Se-
poisoning was reported in some parts of the U.S.A., China and Venezuela [Jaffe W.G., 
1973], [Smith M.I., 1936], [Yang G., 1983]. Se-concentration in serum, hair and urine 
reached unusually high levels. This type of selenosis is rather rare and only occurs in certain 
geographical regions. Another type of intoxication documented is the one caused by the 
intake of excessive amounts of dietary supplements. Symptoms of poisoning include nausea, 
vomiting, garlic-like breath, changes in the nails, hair loss, dental decay,… [WHO,1987]. 
Other cases of selenosis were observed in humans exposed to hazardous levels of Se in 
aerosols (e.g. workers in Cu smelters and Se-rectifier plants) [Gasmi A., 1997]. 
 
2.6.4 Recommended values for selenium 
 
Guidelines for the intake of Se are necessary due to the dual role of this element. Various 
different recommendations are made for the intake, some of them are listed and discussed in 
this paragraph.  
The World Health Organization (WHO) defined the term acceptable daily intake (ADI), which 
is the amount of an element expressed on a body weight basis that can be consumed over a 
lifetime without appreciable health risk. The ADI is based on the highest amount of an 
element, which causes no observable adverse effects (NOAEL), when consumed. Doubts 
have been raised, on the ADIs since several factors, amongst which age, are not calculated 
in the ADI. According to the Environmental Protection Agency the ADI for Se is 213 µg per 
day. The Estimated Safe and Adequate Dietary Intake (ESADI) for Se had an overall range 
of 50-200 µg per day for adults and was adapted for children. The ESADI was kept as a 
guideline for Se intake as long as there was insufficient data on toxicity for this element. The 
term was later on replaced by the Recommended Dietary Allowance (RDA) also called RDI 
(Recommended Dietary Intake [Food and Nutrition board, 1980], which expresses a safe 
level of chronic daily exposure to a potentially toxic substance, which is beneficial in some 
range. This value is mostly indicated on food packages for some of the more common trace 
elements (Fe, Mg, F) and is adapted for gender and for different age categories (Table 2.8) 
[RDA, 1989]. Finally, the World Health Organization states that a Se intake of 40 µg per day 
is the average intake level needed to ensure meeting normative requirements of healthy 






Table 2.8 : Recommended Dietary Intake of Se [RDA, 1989]. 
 
Age (years) RDI (µg) Age (years) RDI (µg) 
Infants    
0.0-0.5 10   
0.5-1.0 15   
Children    
1-3 20   
4-6 20   
7-10 30   
Men  Women  
11-14 40 11-14 45 
15-18 50 15-18 50 
19-24 70 19-24 55 
25-50 70 25-50 55 
51+ 70 51+ 55 
  Pregnancy 65 
  Lactating 75 
 
2.7  Selenium in the environment 
 
2.7.1 Se in soil 
 
Most soils contain between 0.02 and 2.5 µg Se g-1. The average crustal abundance of Se is 
0.09 µg g-1. In coals concentrations range from 0.47-8.1 µg g-1 and in fuel oil from 2.4-7.5 µg 
g-1 [Shamberger R.J., 1981]. Some parts of the world like: Denmark, Finland, New Zealand, 
Eastern and Central Siberia, parts of China, Central Africa, Northern Korea, Nepal and Tibet, 
are known to have a low Se-soil content (<0.1µg g-1). Other parts are notable for their Se-rich 
soil containing up to 1 mg Se g-1: the Great Plains of U.S.A. and Canada, Venezuela, 
Columbia, parts of Ireland and some parts of China. Se-values are mapped for some 
countries, but by far not for all. Recently, they were summarized by Oldfield [Oldfield J.E., 
1999]. Data on soil Se concentrations are scarce. Some average ranges of the Se content in 
soil of various countries is given in Table 2.9.  
 
Table 2.9 : Average ranges of Se in soils in different countries [Beytut E., 2002], [Diaz-
Alarcon J.P., 1996], [Luo K.L., 2004], [Oldfield J.E., 1999], [Sterckeman T., 2002], [Tan J.A., 
2002], [Zachara B.A., 2001]. 
 
Country Se concentration 
(mg kg-1) 
Country Se concentration 
(mg kg-1) 
China (Keshan area) 0.17 Spain 0.07-0.39 
Belgium 0.11 Brazil * 
Turkey 0.03 The Netherlands  * 
Sweden 0.39 Switzerland * 
United Kingdom 0.18-29.70 USA 0.11-18.36 
France 0.18 Finland 0.15-0.72 
Germany 6.6 Japan 0.70-1.00 
Italy * China (Enshi Province ) 10-40 
*Data not available 
 
The Se level in soil is mainly determined by geochemical processes, although soil Se 
concentration can be affected by numerous factors. The presence of high amounts of organic 
matter, including plant debris and peat, may result in higher Se levels. 
Percolating ground and surface waters, climate and topography can affect Se concentrations 
in soil, as do other both natural (e.g.: volcanic eruptions) and human activities (industrial 
emissions, the use of fertilizers, sewage sludge, fly ash) [Berrow M.L., 1989]. Soil Se can 
exist in 4 oxidation states (-II, 0, +IV, +VI) and these forms differ widely in their solubility and 
short-term bioavailability. Mobilization of Se through the soil is influenced by pH. Alkaline 
conditions favor the conversion of elemental Se to selenate (SeO42-), which is not fixed in the 
soil. The availability of Se to plants is a matter of pH. Under acidic conditions the formation  
of selenite (SeO32-), which adsorbs to clays, is favored. This form has an extremely low 
solubility and remains unavailable for plants. Under more alkaline conditions the formation of 
the oxidized form selenate is favored, which is much more soluble and available for uptake 
by plants than its reduced form [Lakin H.W., 1973]. Seleniferious soils in areas where some 
plants accumulate high amounts of Se are typically alkaline and cope with low rainfall. As 
elemental Se is formed under reducing conditions from SeO32- and SeO42-, Se can become 
unavailable for plants. The availability of Se to plants is affected by soil moisture: the element 
is most available to plants where there is not much precipitation and low soil leaching 
[Gissel-Nielsen G., 1998]. Some bacteria, however, can convert insoluble Se to forms that 
can become available for plants [Diplock A.T., 1993]. Selenate is the most prevalent form 
and the most bioavailable form of soluble Se for plants. Detoxification of seliniferious soils 
can be accomplished by the use of Se-accumulating plants (discussed in § 2.9.5) or by the 
use of Bacillus subtilis. This spore-forming soil bacteria can grow in the presence of high Se 
concentrations and convert the element into an insoluble form of Se, which becomes 
unavailable for uptake by plants [Buchanan B.B., 1992]. 
 
2.7.2 Se in water 
 
Industrial and agricultural activities cause Se to be released in the environment, hence Se is 
made available to wildlife and fish in aquatic and terrestrial ecosystems. Agricultural drain 
water,  sewage sludge, fly ash from coal fired power plants, oil refineries and mining of 
phosphates and metal ores are the main sources of Se contamination of aquatic systems 
[Hamilton S.J., 2004]. Despite these factors, Se concentrations in natural and domestic 
waters are generally very low, usually in the ng-µg l-1 range. The WHO has set the maximum 
limit of Se in drinking water to 0.01 mg l-1 [WHO, 1971]. This value is still the limit in the 
European Union. The U.S.A. has set its limit at 0.05 mg l-1. The maximum No Observed 
Adverse Effect Level (NOAEL) for drinking water is at least 100 µg l-1 and may be even as 
high as  500 µg l-1. In Table 2.10 values are given for the Se-concentration in drinking water 
and river water in Belgium, the neighbouring countries and the U.S.A. [Robberecht H.R., 
1982]. Values for drinking water in Belgium are in the same range as in the Netherlands and 
are low compared to the other countries. All values for drinking water remain well below the 
limit of the WHO. Concentrations in river water in Belgium and The Netherlands are higher 
than in drinking water, whereas they remain in the same range compared to other countries. 
Values for river water in the U.S.A. can be much higher due to some Se-rich areas. 
 
Table 2.10: Se-concentration (µg l-1) in drinking water and river water for some countries 
[Robberecht H.R., 1982]. 
 
Country Drinking water River water 
Belgium 0.05-0.375 <0.05-1.78 
France <2-10 0.15-10 
Germany <0.12-5.3 0.14-5 
The Netherlands 0.16 0.2-1.85 
U.K. <1-3.3 0.13-4.1 
U.S.A. <0.2-3.5 0.11-30 
 
In a seleniferious area in the U.S.A. a value of 1.6 mg l-1 was found in spring water. Most of 
the Se present in drinking water is under the selenate form, this is probably due to the 
chlorination in the preparation of potable water. For all types of water, data on 
organoselenium compounds are scarce. 
The Se-concentration in the water is reflected in fish tissue and other water wildlife, as 
discussed in § 2.9.6. 
 
2.7.3 Se pollution 
 
Se pollution is a worldwide phenomenon and is associated with several human activities, 
ranging from basic agricultural practices to highly sophisticated industrial processes. Once 
the Se enters the aquatic environment, it can rapidly become toxic to wildlife and fish, due to 
bioaccumulation (§ 2.8). The main sources of Se pollution are: coal mining and combustion 
of coal for electric power production, gold, silver and nickel mining, metal smelting, municipal 
landfills, oil transport, refining and utilization and agricultural irrigation [Lemly A.D., 2004]. 
Several places on earth have suffered from Se pollution resulting in the contamination of fish 
and wildlife [Lemly A.D., 2004]. The need for Se monitoring emerges as selenosis is on its 
way to become a problem in certain areas (parts of China and U.S.A.). A variety of 
remediation options have been evaluated with a view of removing Se from subsurface 
drainage and reducing the hazard to fish and wildlife in the aquatic environment. One of the 
methods tested was the use of constructed wetlands, in which plants accumulating high 
amounts of Se (§ 2.9.5) are planted on Se-rich soil in order to remove excessive amounts of 
the element. This ‘phytoremediation’ approach was also applied for the removal of Se from 
oil refinery effluents. Care should, however, be taken when using this technique, since 
bioaccumulation of Se in the wetlands is due to occur. As they form an attractive habitat for 
fish and wildlife, they may result in a hazardous build-up of Se in these species. The 
reduction of airborne particulates from coal-fired power plants has reached a high efficiency 
level (up to 99,5% removal). Most fly ash is, however, disposed in landfills, generally build on 
clay soils, hampering  the movement of the contaminants and resulting in Se-build-up in the 
groundwater, capped with a layer of clay (avoiding the rainwater infiltration) and topsoil and 
finally revegetated. The risk associated with this method is the lack of the long-term stability 
of the landfills in coarse of time. The underlying clay or the surface clay may crack, resulting 
in infiltration of ground- and/or rainwater and eventually in leaching of Se [Lemly A.D., 2004].  
Selenium is widely used as a nutritional supplement in livestock. Higher intake means higher 
excretion levels, mainly as organic Se. The excreted metabolites are highly bioaccumulative 
for the aquatic environment [Oldfield J.E., 1998] and hence attempts for development of 
clean-up procedures should urgently be started to remedy this problem. 
 
2.7.4 The Se cycle 
 
Se-species cycle through the food chain. They are taken up from the soil by plants and 
micro-organisms, which incorporate the Se in their tissue proteins and convert some of it into 
volatile metabolites. The latter enter the atmosphere and can ultimately be brought down to 
the soil by precipitation. A low Se content of the soil results in a deficiency of the element 
throughout the food chain and man.  
Apart from natural sources (mainly metal-sulfur minerals, e.g. volcanic activity), selenium 
compounds are widely spread throughout the environment by human activity: combustion of 
fossil fuels, agriculture (use of Se-fertilizers), glass and electronics industry, paintings and 
medical applications. The impact of the anthropogenic sources of Se-species in the 
environment continues to grow [Dietz C., 2003], [Pyrzynska K., 1998]. The use of Se-
fertilizers is, however, not without risks. Reports have been made on their use resulting in 
accumulation in nearby aquatic systems due to run-off of the element [Maier K.J., 1998]. The 
anthropogenic output of Se is estimated to be 86 X 103 tonnes annually. Although, Se does 
not form a threat to the environment, it is nevertheless necessary to monitor the Se levels in 
the environment for timely detection of toxic build-ups [Nriagu J.O., 1988]. Se-species move 
throughout several environmental compartments on a global scale. The cycle starts at the 
Se-containing rocks and ends in the marine ecosystem or soil. In between, Se-species can 
follow several pathways. Se can be taken up from the soil by plants and can finally end in 
animals and humans who consume plants and cattle. Another pathway is that of volatilized 
Se-species which enter the atmosphere, and which in turn end up in the soil or water. It is not 
sure whether all Se remains bioavailable. Se-compounds may be partly immobilized due to 
conversion of some Se-species into elemental Se. This could finally lead to total depletion of 
the element, if it was not that certain soil bacteria have the ability to oxidize elemental Se to 
SeO32-, and, hence, make the Se available for cycling again. This would mean that Se is 
released in the environment bit by bit [Satathchandra K., 1981], [Shrift A., 1964].  
Apart from the natural movement of Se, the emission of Se by human activity has to be taken 
into account. This can lead to major disruptions of the natural Se cycle. A schematic 

















Figure 2.5: The Se-cycling process in the environment: Se from soil is utilized by plants, 
which in turn are consumed by animals and humans. Se can also enter the environment 
through anthropogenic activity. 
 
2.7.5 Se fertilization 
 
Major attention has been paid to remedy low Se-status in people living in low Se areas. As 
the Se cycle starts and ends with the soil, the chemical forms (whether dissolved in soil, 
adsorbed to surfaces or fixed in a mineral lattice) and Se-concentration in soil determine the 
bioavailability of Se and, hence, the need for supplementation. Several trials were made and 
one of the most successful and most studied attempt was the use of Se fertilizers in Finland. 
The addition of selenate to commercial fertilizers positively affected the nutritive value of the 
whole food chain: from soil to plants, animals and humans, even plant yields were enlarged 
when the right amount of selenate was used during fertilization. The level of Se added, was 
optimized and so far no abnormally high concentrations in plants, foods, nor animals have 
been observed. Se levels in human serum and milk have shown to be safe and adequate. 
Nowadays, Se is added to the soil via fertilization [Hartikainen H., 2005]. The main goal of 
the Finnish trial was to raise the Se-concentration in cereal grains up to  0.1 mg Se kg-1 dry 
weight (formerly <0.01 mg Se kg-1 dry weight) and to elevate the average Se intake to a safe 
and adequate range of 50-200 µg Se per day [NRC, 1980]. The experiment started in 1985 
when the Se-enriched fertilizer became of general use. Selenate (originally added in a 
concentration of 16 mg Se kg-1) was added to the fertilizer slurry in order to obtain a uniform 
Se-distribution over the granules. From this moment on agricultural soils, plants, water, food 
and human sera have been extensively studied for their Se content. Based on these findings 
the Se added to the fertilizers was optimized from 16 mg Se kg-1 to 6 mg Se kg-1 up to a final 
concentration of 10 mg Se kg-1 which is still applied nowadays. The impact of the fertilizers 
was immense: human Se-serum raised from a concentration of 50-60 µg Se l-1 which was 
one of the lowest all over the world up to a concentration of 112 µg Se l-1, which is slightly 
higher than in most other European countries (see § 2.5.2 Table 2.4) [Alfthan G., 1996]. 
 
2.8 Bioavailability, bioconcentration and biomagnification 
 
Bioavailability can be defined as: a quantitative measure of the utilization of a nutrient in a 
food or meal, to support normal structural and physiological processes occurring in the body. 
Additionally, bioavailability is influenced by the chemical form of Se, by the intake of other 
food constituents and the physiological state of the individual [Fairweather-Tait S.J., 1992]. 
The immediate bioavalability of Se is highly dependent on its chemical nature, which  
determines the metabolism and toxicological potential. Different compounds follow different 
pathways for absorption: Se-Met is thought to follow the methionine pathway. This compound 
is absorbed from the gastrointestinal tract (small intestine) through the Na+-dependent 
neutral amino acid transport system. SeO32- seems to be absorbed via passive diffusion in 
the small intestine. SeO42- is thought to follow the same pathway as sulfate. Under optimal 
conditions the absorption of L-Se-Met, as such, is in the range of 95-98%, 90-95% for SeO42- 
and 60% for SeO32- [Daniels L.A., 1996]. The bioavailability of Se may be enhanced by the 
presence of antioxidants (vitamins C and E), nutritionally adequate levels of methionine, total 
protein intake and restricted intake of food. On the other hand, Se bioavailability is inhibited 
by the intake of some metals, nutritional deficiencies of vitamins of group B and high levels of 
some sulfur compounds [Levander O.A., 1991]. Due to the small range between toxicity and 
essentiality it is of the utmost importance to know what is the absorbed and used amount of 
Se by the human body. In most food ingredients, only part of the element is bioavailable. 
Generally, the absorption of organic Se compounds from foods appears to be in the range of 
70-95%. However, it can vary according to the digestiveness of the food proteins and to the 
pattern of Se-compounds present in the food. The bioavailability of Se as Se-Met and Se-
Cys compounds in plant sources is high (85-100%), while the bioavailability from animal 
sources is rather low to moderate (15%). Although the highest Se concentration is measured 
in seafood, the bioavailability of Se from this food source (20-50%) is considerably lower than 
from vegetables. Dairy products have the lowest bioavailability ranging from less than 2% to 
7% [Cantor A.H., 1975], [Diaz-Alarcón J.P., 1996], [Levander O.A., 1983], [Nève J., 1987], 
[Shen L.H., 1993]. A recent study indicated that bioavailability of Se from drinking water 
(inorganic forms) is lesser than that of selenium from food. Overall absorption of Se from 
food is thought to be 80%. Uptake of inorganic Se from food is less effective than that of 
organic Se. It is important to realize that bioavailability is not the same as bioaccessibility, 
which is the amount of an ingested element that becomes available for absorption in the 
gastrointestinal tract. The amount that becomes bioaccessible may be equal to or less than 
the amount liberated from the food matrix, since not all of it may convert to absorbable 
species. Some may be transfered to unabsorbable or lesser absorbable species and some 
may interact with other components of the luminal contents and hence become unabsorbable 
[Stahl W., 2002]. 
Bioaccumulation of Se involves both bioconcentration and the intake of Se via food sources. 
Bioconcentration is the passive uptake of the element directly from water or from a sediment 
across membranes to the organism. In this process it is primarily selenite which is involved, 
selenate is taken up in this process to a lesser extent. The bioconcentration can be 
calculated by taking the ratio of Se in the organism to that in the water. Organic Se has a 
much higher bioaccumulation than the inorganic forms. For example, selenate and selenite 
typically bioaccumulate 100-4000 times in the aquatic food chain, whereas Se-Met 
accumulates  up to 350000 times [Besser J.M., 1993]. Higher organisms may accumulate 
Se-compounds via biomagnification, which involves the uptake of the compounds via the 
food chain. Biomagnification leads to successively higher amounts of Se in the higher trophic 
levels. The relatively rapid elimination of Se when consumed by higher organisms, limits the 
biomagnification in the higher levels of the food chain. The greatest increase in Se-uptake in 
the water happens at the lower end of the food chain (between water and algae). Figure 2.6 
gives a schematic representation of these bioconcentration and biomagnification processes 

















Figure 2.6 : Schematic representation of bioconcentration and biomagnification in the food 
chain. 
 




Food (e.g. meat, fish, poultry, grains, cereal products, fruits and vegetables) is the major 
source of Se for the general population. Absorption from food is efficient and  the exposure of 
Se via the diet for an adult human varies between 11 and 5000 µg per day over the world. 
Average dietary intake usually falls within the range of 20-300 µg per day [Patrick L., 2004]. 
Selenium-containing proteins are synthesized by plants and animals. These proteins contain 
Se-Met, the principal form in cereals and other plants. It seems that animals do not 
distinguish between Se-Met and its sulfur analogue, methionine. Both amino acids are 
incorporated in proteins via the same enzymatic pathway. The occurrence of these 
compounds in the protein sequence depends on the availability of both compounds [Esaki 
N., 1981].  
The Se-content of food is highly dependent on the amount of Se in the soil, which varies from 
country to country, from region to region and depends on the ability of plants to take up and 
accumulate the element. Se concentrations in cereals vary from 0.01 to 0.55 µg g-1 fresh 
weight. In meat, fish and eggs the value fluctuates between 0.01 and 0.36 µg g-1 fresh 
weight. The Se-content in milk and dairy products can be lower than 0.001 µg g-1 fresh 
weight and can raise up to 0.17 µg g-1 fresh weight. Finally, the Se content of vegetables and 
fruits is the lowest with values between 0.001 and 0.022 µg g-1 fresh weight [Reilly C., 1993]. 
All these values cover a large spectrum all over the world. Monitoring the content and intake 
from several food sources is an interesting topic [Larsen E.H., 2002]. Table 2.11 shows the 
Se content in several food groups, in Belgium, U.K. and U.S.A.. This table shows that Se 
levels are higher in the U.S.A.. The highest amount of Se is found in fish independent from 
its origin [Kubota J., 1967], [Simonoff M., 1990]. 
Table 2.11 : Se (µg g-1) levels  in different  food groups: comparison between Belgium, U.K., 
U.S.A. 
 
Food group Belgium U.K. U.S.A. 
Cereals 0.03 0.11 0.39 
Meat 0.13 0.12 0.22 
Milk 0.01 0.01 0.07 
Fish 0.32 0.32 0.53 
 
The intake of Se is highly dependent on the area of residence and whether only local food is 
consumed or whether the diet is replenished by imported products. Even in Europe, daily 
intakes vary greatly from country to country as is illustrated in Table 2.12, where the average 
total Se intake of residents of several countries is given [Amiard J.C., 1993], [Foster L.H., 
1997], [Kumpulainen J.T., 1993], [Oster O., 1989], [Parr R.M., 1990], [Yang G., 1983]. 
Additionally, individuals with low protein intake, consume low amounts of Se, since the major 
part of Se in food is incorporated into proteins [Combs G.F. Jr., 2001].  
 
Table 2.12 : Average total Se intake per day in several countries. 
 
Country Total Se intake 
(µg Se per day) 
Country Total Se intake  
(µg Se per day) 
China (Keshan area) 3-11 Spain 60 
Belgium 28-61* Brazil 60 
Turkey 30 The Netherlands  67 
Sweden 38 Switzerland 70 
United Kingdom 41 USA 98 
France 47 Finland 125 
Germany 47 Japan 133 
Italy 49 China (Enshi Province ) 3200-6690 
* [Robberecht H.J., 1994] 
 
It is clear from this table that the Se intake is very much dependent on the area where we 
live. Looking at the value for Belgium, it can be seen that it corresponds to the intermediate 
intake and remains in the same range as that of the neighboring countries (France and 
Germany: 47 µg Se per day; The Netherlands: 67 µg Se per day). The lower limit is from the 
Southern part of Belgium and is due to a lower Se concentration in the soil. Great variations 
were observed when fish was included in the meal [Robberecht H.J., 1994]. When 
comparing Tables 2.11 and 2.12 it is obvious that Se-levels in food reflect the total Se intake 
of an individual. Exceptions are Finland and Japan where Se-fertilizers are used in order to 
increase the Se-uptake from soil by plants. It is seen from this table that many countries do 
not reach the RDI value. In recent years, Se-intake is decreasing in several European 
countries. This is mainly due to the fact that high-protein wheat (containing high amounts of 
Se) imported from North America is now replaced by a local low-protein-wheat variety. 
Furthermore, reduced deposits of fly-ash from fossil-fuel burning and higher grain yields 
result in lower Se levels in plants [Goenaga-Infante H., 2005]. Data for most parts of Africa, 
Southern Asia and South America are scarce or even absent, so the global situation might 
even be worse than what can be concluded from this table [Combs G.F. Jr., 2001]. The food 
staple of many populations is insufficient in Se for optimal expression of the Se-enzymes. In 
order to optimize the diet of people with lower nutritional Se intake (<40 µg per day), Se-
supplements could be beneficial (200-300µg per day).  
Figure 2.7 illustrates the % of Se consumed per foodsource in the U.K.. It is obvious from this 
diagram that the major part of Se in our diet comes from meat, followed by cereals. 
Researchers have seen serious shifts in Se-sources during the last decades, as eating 









Figure 2.7 : Se intake per person according to foodsource. 
 
In areas where soil Se is low, different strategies have been followed in order to supply the 
population with sufficient Se: the use of Se-enriched fertilizers and the supplementation of 
farm animals with Se. Furthermore, seleniferious areas become exploited for the production 
of Se-rich plants, meant for export to other areas, having lower soil Se levels (e.g. Se-tea in 
China). The higher values of total Se intake in Japan, Finland and U.S.A. are due to 
enrichment of the soil with fertilizers, usually sodium selenate [Mäkelä A.L., 1993]. Part of the 
Se in food is lost during harvesting and manipulation prior to consumption. Many tables are 
available on the total content of Se in several foodsources from different countries or regions. 
Some guidelines on Se-content of commonly consumed foods are given in Table 2.13. Care 
should be taken when interpreting this table since values remain region dependent [Barclay 








Table 2.13: Se-content (µg g-1 fresh weight) of some common foods (U.S.A.) 
 
Food Se-concentration  
(µg g-1 fresh weight) 
Food Se-concentration  
(µg g-1 fresh weight) 
Almond nut 0.02 Garlic 0.28 
Apple 0.04 Lettuce 0.02 
Banana 0.09 Milk (skimmed) 0.03 
Beef (raw) 0.22 Onion 0.02 
Bread 0.32-0.43 Pork (raw) 0.33 
Broccoli 0.01 Potato 0.013 
Cheese 0.03-0.06 Rice (fried) 0.15 
Chicken (raw) 0.22 Salmon (raw) 0.64 
Cucumber 0.06 Shrimp (raw) 0.53 
Egg (cooked) 0.25 Tomato 0.01 
 
The need for Se has resulted in the rise of ‘functional food’, i.e. in this case Se-enriched food. 
Examples of this are: Se-fortified table salt, Se-fortified margarine, Se-fortified cereals and 
Se-fortified beverages. Other products were produced by using Se-fertilization or breeding 
techniques: high-Se Brussels sprouts, high-Se broccoli, other high-Se Brassica vegetables, 
high-Se garlic, high-Se onions, high-Se celery, high-Se mint, high-Se chamomile, Se-
containing tea, high-Se beer, high-Se vinegar,  high Se-yeasts, high Se-mushrooms and 
high-Se mussels [Combs G.F. Jr., 2001]. In the coming years this list may even become 
more elaborate.  Plants with the highest potential for this purpose are those containing high 




2.9.2.1 Uptake of Se  
 
Selenate competes with sulfate for uptake by plants and it has been proposed that both 
species are taken up via a sulfate transporter in the root plasma membrane [Avry M.P., 
1993]. The preference for uptake of selenate over sulfate varies from plant to plant and is 
affected by other factors (e.g. salinity) [Terry N., 2000]. The translocation of Se from root to 
shoot after uptake of Se is highly dependent on the species supplied. Selenate is much 
easier transported than selenite or organic Se [Zayed A., 1998]. The distribution of Se over 
several compartments in the plant depends on: plant species, phase of development, its 
physiological condition, form and concentration of Se supplied and the presence of other 
substances, especially sulfates. In Se-accumulators for instance, Se is accumulated in the 
young leaves during the early vegetative stage of growth. During the reproductive stage high 
Se amounts are found in the seeds [Terry N., 2000]. Another way is uptake of Se from the 





2.9.2.2 The metabolic pathway of Se in plants 
 
Since man and animals rely on plants as their main dietary source, knowledge on the Se-
compounds of plants is crucial. The Se-content of a plant is related to its protein content. 
This relationship is partly due to the fact that plants can take up selenates and selenites from 
the soil. Selenate is reduced to selenite, which in turn is reduced to selenide, involving 
reduced glutathione in the process. The selenide is then transformed to Se-Cysteine in a way 
directly comparable to that of S-metabolism. It has been postulated that Se-Cysteine is 
metabolized to Se-Methionine in the same way as its S-analogues. Se enters the food chain 
through incorporation into plant proteins, mostly as Se-Cysteine or Se-Methionine at normal 
levels. Se-Met can be further metabolized to: Se-adenosyl-Se-Met, Se-MethylSeMethionine, 
which on its turn is converted to Se-MethylSeCysteine and γ-glutamyl-Se-MethylSeCysteine. 
At elevated Se-levels, Se-MethylSelenoCysteine becomes the predominant seleno-
compound, although some other compounds might also be present at much lower levels 
[Whanger P.D., 2004]. A schematic representation of the metabolism of Se in plants is 
indicated in Figure 2.8. The Se-forms, present in the proteins will finally be used by animals 


















Figure 2.8: Metabolic pathway of Se in plants. 
 
This schematic representation leaves the volatile species aside. These are shown later in 
Figure 2.9. The exhalation of various volatile Se compounds by plants is important since 
certain plants can take up a huge amount of Se from the soil, and transform it through 
several biochemical steps into volatile species. This is called phytovolatilization and may be 
part of the mechanism governing phytoremediation, important for its potential in cleaning up 
highly polluted sites (phytoextraction) [Meija J., 2002]. The biogenic volatilization of Se from 
soil and plant is recognized as a detoxification process [Wilber C.G., 1980]. 
Phytovolatilization circumvents the problem of Se-accumulation in the food chain, as the Se 
is released into the atmosphere. The ability of plants to volatilize Se is influenced by the 
concentration of Se in the root medium, the species of Se supplied and the concentration of 
sulfate in comparison to selenate (they can compete for enzymes for the volatilization 
process) [Terry N., 2000]. The main product of phytovolatilization is dimethylselenide 
(DMSe). DMSe can be formed via 2 different pathways. Se-Met can be methylated to Se-
MethylSeMethionine, which in its turn is enzymatically cleaved to DMSe [Lewis B.G., 1974]. 
The other possible pathway is via dimethylselenoniopropionate (DMSeP). DMSeP is formed 
following decarboxylation, transamination and reduction of Se-MeSeMet. A betaine aldehyde 
dehydrogenase is involved in the reduction. Finally, the  DMSeP is volatilized to DMSe via 
the action of DMSP lyase [Terry N., 2000]. The volatilization process of Se-Met in plants is 






















Figure 2.9: Volatilization of Se-Met to DMSe in plants. 
 
Factors influencing volatilization are: the presence of Se-Cys (might get incorporated into 
proteins and, hence, is no longer available for volatilization) and the species supplied (Se-
Met is favored for volatilization purposes). 
 
2.9.2.3 Aquatic plants 
 
Selenite is taken up faster and to a greater extent than selenate by aquatic plants. Selenite-
dominated water plants are more proficient at bioaccumulating Se into the food chain than 
are selenate-dominated plants. Compared to selenate-dominated aquatic systems, selenite-
dominated systems are considered as supercharged with Se [Skorupa J.P., 1998]. Aquatic 
plants can remove Se from agricultural and industrial wastewater through Se-accumulation 
and volatilization. With this in mind, 20 different aquatic plant species were tested for their 
ability to remove Se from contaminated wastewaters. Several of these plant species showed 
a comparable ability of phytovolatilization as Brassica juncea (§ 2.9.5.2). The following 
species were shown to have a great potential for Se phytoremediation in wetlands: parrot’s 
feather (Myriophyllum brasiliense Camb), iris-leaved rush (Juncus xiphioides), cattail (Typha 
latifolia L.), saltmarsh bulrush (Scirpus robustus), etc. [Pilon-Smits E.A.H., 1999].  
 




During the last decade, the pharmaceutical market became overwhelmed with nutritional 
supplements or ‘nutraceuticals’ based on selenium. The term ‘nutraceutical’ is derived from 
nutritional pharmaceutical and includes any substance that may be considered as food and 
which provides medical and health benefits [Hardy G., 2003]. Two different types can be 
distinguished: first the multi-vitamin and multi-mineral preparates containing Se, other trace 
elements and vitamins, in which Se is present in the inorganic form, second the supplements 
based on the yeast Saccharomyces cerevisiae. Most often the suppliers provide us with 
information on the total concentration of Se, but information on species is scarce or even 
absent. It is, however, of the utmost importance to know the identity of the compounds in 
order to benefit optimally from these ‘wonder’ tablets. 
It is indeed true that overall supplementation of the population living in areas where Se intake 
is relatively low would be beneficial. The question remains, however, whether one needs 




Although European legislation allows the addition of sodium selenite to fodder (0.1 mg Se kg-
1) [Simonoff M., 1991], there is so far, no legislation on the use and abuse of selenized 
nutritional supplements. Recently, the European Commission published a draft proposal for a 
harmonized regulatory framework on the addition of vitamins and trace elements to food in 
the E.U. [Flynn A., 2003]. The purpose of the proposal is to ensure consumer safety and to 
regulate the addition of nutrients to food. A directive from the European Communities states 
that food supplements should be safe and bear appropriate and adequate labeling. There 
should be specific rules for nutrients, which are the same for all Member States. Maximum 
safe levels should be set for the addition of minerals to food supplements, taking the 
reference intakes into account. The most recent proposal states that only Na2SeO4, 
NaHSeO3 and Na2SeO3 can be used for the manufacturing of food supplements. No data or 
directives exist for the final species to be present in the food supplements. The maximum 
amount in the nutraceuticals should be expressed as amount per day and should take into 
account the intake of the specific nutrient by several consumer groups [E.C., 2002]. The 
articles lack, however, any form of information on allowable Se concentrations in the 
supplements. The only concrete directives relate to the labeling and advertisement of these 
products, but manufacturers remain relatively free in the production of supplements. Several 
supplements which are commercially available mention only the final species present in their 
preparates. The recent EC-proposal implies that all supplements containing organic forms of 
Se will be banned in the near future, although they are known by scientists to be the more 
readily available form. Selenized yeast is under threat by the European Commission who 
expresses concern as to the poor characterization of Se in these media and the possible 
build-up of the element in tissues up to toxic levels. Manufacturers of Se-supplements, 
calling themselves reputable, bitterly complain about this guided policy. They state that their 
supplements are sufficiently characterized and of reproducible quality and that there is no 
doubt about origin, labeling, concentration, species, toxicity, etc. On the other hand some 
skepticism about so-called ‘reputable’ producers is justified. Eventually, what’s in a name? 
 
2.9.3.3 Selenium-yeast as a nutritional supplement 
 
Saccharomyces cerevisiae (baker’s or brewer’s yeast) has a high protein content and as 
mentioned above, protein content is related to the ability of incorporating Se. More Se can be 
incorporated in yeast by replacement of sulfur than is the case in some plants. Moreover, the 
production of Se-enriched yeast is more manageable than is the production of Se-enriched 
plants. Saccharomyces cerevisiae can grow under both aerobic and anaerobic conditions, 
can use several C-sources and can be enriched with Se in several ways. Mostly, however, 
Se-yeast is grown under aerobic conditions. The medium is usually beet or cane molasses 
(although in some cases pure glucose syrup with appropriate pharmacopeia-grade additives 
is used (Pharma Nord, Denmark)) to which vitamins, nutritional salts and other growth factors 
are added, ensuring maximal biomass, as well as measured amounts of Se salts as the Se 
source. Mostly, Se is added to the growth medium as sodiumselenite. This can be done at 
several stages in the growth cycle of the yeast. The more Se is added, the stronger the yeast 
growth is inhibited. On the other hand, the amount of Se in the cells increases with 
increasing addition of Se [Ponce de León C.A., 2002]. Control of pH, temperature, Se-
feeding profile and aeration allows optimal growth of the yeast strain and maximal biomass 
production. Hence, a Se-rich yeast cream is produced which is then pasteurized. Due to 
fermentation in the Se-enriched medium, Se becomes organically bound to the proteins in 
the yeast. The good quality of the Se-yeast should be guaranteed by carrying out the 
following checks and analyses: assessment of the purity of the yeast strain, the percentage 
of Se that is organically bound, measurement of particle size, moisture content and levels of 
toxic impurities and microbiological contaminants meeting required purity criteria. Some 
manufacturers do these tests before selling their products, while others do not. Some Se-
yeast contains Se merely as inorganic Se [Rayman M.P., 2004]. Fraudulent raw material 
labelled L-Se-Met has been found to consist of a mix of methionine, valine and SeO32-, or to 
be Se-Met in the DL-form [Hansen S.H., 1991]. The presence of inorganic Se can be 
deduced from the knowledge that SeO32- can be reduced to elemental Se by ascorbic acid 
and that both SeO42- and SeO32-can be reduced to elemental Se, a reddish precipitate, by 
SnCl2. Organic Se does not form elemental Se under these conditions and, hence, this 
method can be applied to determine the inorganic Se content in yeast preparations 
[Moesgaard S., 2001]. S. cerevisiae may assimilate up to 3000 µg Se g-1 and as is the case 
in plants, the Se is mainly incorporated as Se-Met in the proteins [Demirci A., 1999], 
[Polatajko A., 2004]. 
 
2.9.3.4 Se-availability from nutritional supplements 
 
Several pharmacological factors influence the bioavailability of Se from the nutraceuticals, 
including interactions with other micronutrients present in the supplement, the formulation 
under which the supplement is usually taken, effects derived from their simultaneous 
administration with specified medication or even the convenience of taking supplements in 
fasting or restricted meal conditions, and finally timing, dose and schedule of 
supplementation [Navarro-Alarcón M., 2000]. 
A recent study on total Se-concentration of Se-based supplements, both yeast-based and 
selenate-based, showed that the Se-content mentioned on the product label was severely 
understated. Selenate supplements are less accurately labeled and more susceptible to 
variations than are the yeast supplements [Veatch A.E., 2005]. Hence, unacceptably high 
intakes are at risk. Absorption of dietary Se (organic Se) is generally believed to be good 
(about 80%) [Reilly C., 1996]. Absorption and retention of Se from Se-yeast, measured in 
twelve volunteers fed 77Se-labeled SelenoPreciseTM yeast (Pharmanord, Velje, Denmark), 
was between 75 and 90% [Sloth J.J., 2003]. Other Se-yeasts gave different results (between 
50 and 60%). These differences may be explained by the fact that the different yeast strains 
were manufactured in a different way. It is of great importance, however, to know under 
which form Se is consumed with regard to the bioavailability of the different forms of Se. Se-
Met is more bioavailable than is inorganic Se. Moreover, Se-Met can be non-specifically 
incorporated in body proteins and serve as a pool of Se-Met, which can be drawn on at times 
of depletion or increasing need. Results from different studies concerning the most 
bioavailable source of Se are contradictory. A recent study showed that Se from fish (mainly 
inorganic) is more readily available than from yeast [Fox T.E., 2004]. In a study in which dairy 
cows were supplemented with selenate, selenite and Se-yeast, it was seen that the Se 
increase in milk and serum was higher for Se-yeast than for the inorganic Se sources 
[Ortman K., 1999].  
A study performed by Clausen showed the effect of Se-supplementation (under various 
forms of supplements) on whole blood Se-concentrations. The order was: Se-Met > Se-yeast 
> selenate > selenite. This means that preparations containing organic Se-forms gave a 
better response than the preparations containing inorganic Se-forms. Absorption of Se varies 
from brand to brand for several Se-yeasts, according to the reliability of the products 
[Clausen J., 1988].  
Healthy individuals, who usually have a balanced and varied diet, should have the 




Data on toxicity of Se from Se-yeast are rather scarce. Only a few studies focused on this 
topic. Animal studies with rats were used to determine the LD50 of Se-yeast being: 37.3 mg 
kg-1. Compared to the LD50 of Na2SeO3 (5 mg kg-1), the Se-yeast is considerably less acutely 
toxic than the sodium-selenite [Vinson J.A., 1987]. In order to study chronic toxicity, several 
trials were started in which people were supplied during months or even years with a 
constant amount of Se as Se-yeast. Highest intakes were 3200 µg per day [Reid M.E., 2004]. 
Although some individuals complained of side-effects as gastrointestinal upset, garlic breath, 
brittle nails and hair, and dizziness, no severe or serious Se-related toxicity was observed. 
These doses were discontinued, however, due to the lack of safety information. The major 
conclusion of the many clinical studies on this topic is that there is no evidence for Se-toxicity 
when Se-yeast is supplied in doses of 200, 300, 400 even up to 800 µg per day for extended 
periods ( up to 12 years for 200 µg per day). The consequence of the continuous supply of 
these concentrations is that plasma Se increases until a plateau is reached, remaining far 
below the toxic level of plasma Se [Rayman M.P., 2004]. These findings make the E.U. 
directives, stating the ban of Se-supplements other than those containing inorganic Se, 
highly questionable.  
 
2.9.3.6 Applications of Se-yeast 
 
Se-yeast is attractive as a Se source due to its low cost and its ability to act as a precursor 
for selenoprotein synthesis. Se-yeast can be consumed as such and as a nutritional 
supplement. Another possibility is to use selenized yeast instead of conventional yeast for 
baking bread. Bread is generally low in Se and hence the use of selenized yeast for this 
purpose could result in higher Se intakes since bread is a commonly consumed product by 
many individuals. Moreover, Se in Se-yeast is stable even at the higher temperatures used 
during the baking process. Conventional yeast can also be replaced by Se-yeast in other 
foodsources containing yeast. Till now, Se-enriched bread is made of Se-enriched flour.  
 




Table 2.13 shows how many items commonly consumed in our diet have been screened for 
their Se-content. Brazil nuts (Bertholletia excelsa) belonging to the Lecythidaceae family, are 
known for their high Se-concentration. Bertholletia excelsa is closely related to Lecythis 
pisonis minor and major, both renown because overconsumption causes hair and fingernail 
loss due to the accumulation of large amounts of Se [Dickson J.D., 1969]. Other common 
names for this species are: castanheiro do para, para-nut, creamnut, castana-de-para and 
castana-do-Brasil. Everything related to the Brazil nut is big: from the tree (up to 60 m) (Fig 
2.10 A) to the seeds. The Brazil nut trees occur in stands of 50-100 and reach the age of 





Figure 2.10: A: Picture of the Brazil nut tree, B: branch with flowers of the Brazil nut tree, C: 
Close-up of the flower. 
 
The fruits are large (about the size of a grapefruit), round capsules, with a hard woody wall 
and grow at the end of the branches (Figure 2.11). They weigh between 0.5 and 2.5 kg and 
contain 10-25 seeds and are immediately harvested in order to protect them from insects and 
fungal attack. The number of fruits per tree varies from 63 to 216. The seeds (the actual 
Brazil nuts) are retained in a woody capsule. They are about 3-3.5 cm long, have a triangular 
cross section and weigh 4-10 g. Every white nut is maintained in a brown peel which on its 
turn is maintained in its own brown, woody shell (Figure 2.12) [Clement C.R.]. 
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Figure 2.12: Brazil nuts and their shells. 
 
2.9.4.2 Pollination and seedling 
 
The Brazil nut tree makes part of a specialized ecosystem. For pollination, the flowers of the 
tree are dependent on the Euglossine bee (Orchid bee; large-bodied bee), mainly the 
females (Figure 2.13A). Due to the specific structure of the flowers these bees with their long 
tongues are the only species capable of pollinating the flowers. The pollination is specialized 
and this insect is scarce and very sensitive to interfering factors [Mori S.A., 1990]. Add to 
this, the slow growth of the tree (it takes 10-30 years before a tree produces nuts) and one 
can understand why the tree mainly grows in the wild and plantations are scarce. Brazil nuts 
are harvested almost entirely from wild trees during the rainy season. Once the flower is 
pollinated, it may develop into a full fruit. The fruits and seeds of B. excelsa are unique in the 
Lecythidaceae. At maturity, the fruits fall to the ground with their seeds inside. Fruit ripening 
is a long process and can take up to 15 months. The only animal able to gnaw through the 
extremely woody pericaps is the agouti rat (Dasyprocta agouti) (Figure 2.13 B). They can 
carry the seeds up to 400 m from the tree. These rodents eat part of the nuts, others are 
buried away and might germinate 12-18 months later [Miller C., 1990]. This animal is solely 
responsible for reseeding the forest with Brazil nut trees. 
 
      
 




The trees grow near to the Amazon river basin, mainly in Brazil (especially in the states of 
Maranhao, Mato Grosso, Acre, Rodonia and Amazonas) but also in Peru, Bolivia, Columbia, 
Venezuela and Ecuador. The Se-content in the nuts is highly dependent on the soil Se-
concentration. It was shown that Brazil nuts originating from the central part of Brazil 
contained up to ten times more Se than the nuts exploited from the Western part of Brazil 
[Chang J.C., 1995]. The nuts from the central part are shipped in their shell. Those from the 
Western part are shipped without their shell [Vonderheide A.P., 2002]. The Se-content varies 
from nut to nut even when they are from the same tree [Chunhieng T., 2004]. Figure 2.14 
shows a chart of a part of Southern America. The red dots indicate the places where the soil 
is rich in Se. These are also the areas where Brazil nut trees commonly grow.  They are 
mainly found on nutrient-poor, well-structured and well-drained soils and in areas with an 
average annual rainfall of 1400-2800 mm, a temperature of 24-27°C and a relative humidity 
of 79-86% [Clement C.R.]. Brazil nuts are the second most largely exploited product in the 
Amazon countries. Apart from the nuts themselves, the Brazil nut oil is also commonly used. 
This clear yellowish oil has a pleasant and sweet smell and taste. It is often used in soaps, 
skin moisturizers and hair conditioners [Rain-tree]. About 45000 tons of nuts a year are 







Figure 2.14: Part of the map of Southern America. Areas rich in Se are indicated in red 
 
2.9.4.4 Brazil nuts as a nutritional source 
 
For centuries, the indigenous tribes of the rainforest have relied on Brazil nuts as an 
important and significant staple in their diet. This food is a valuable source of calories, fat, 
and protein for much of the Amazon's rural and tribal people. Brazil nut oil contains mainly 
palmitic, oleic, linoleic and alpha linolenic acids, small amounts of myristic and stearic acids 
and phytosterols. In addition to protein and fat, Brazil nuts provide the highest natural source 
of selenium. One single Brazil nut exceeds the U.S. Recommended Daily Allowance for 
selenium. The proteins found in Brazil nuts are very high in sulfur-containing amino acids like 
cysteine (8%) and methionine (18%) and are also extremely rich in glutamine, glutamic acid, 
and arginine [Ampe C., 1986], [Sun S., 1987]. The presence of these amino acids (mainly 
methionine) enhances the absorption of selenium and other minerals in the nut. In addition to 
the compounds discussed above, Brazil nuts contain antimony, cerium, cesium, europium, 
fatty acids, lanthanum, lutetium, samarium, scandium, selenoprotein, tantalum, tungsten, and 
ytterbium. One possible drawback when consuming Brazil nuts as the main source for Se is 
that some people suffer from allergic reactions to these and other nuts [Bourrier T., 2001]. 
Another minor point is the uncontrollable amount of Se in each nut [Chunhieng T., 2004]. 
Factors responsible for these variations are soil type, pH, moisture content, maturity of the 
tree and root system and the position of the nut (variation of the efficiency of the root system) 
[Secor C.L., 1989]. 
2.9.4.5 Brazil nuts in the prevention of cancer 
Studies on the relation of the consumption of selenium to cancer are numerous. Cancer 
prevention studies using food sources rich in Se mainly focused on the use of selenized 
yeast. A study by Ip et al. focused on the relationship between the intake of Brazil nuts and 
the prevention of mammary cancer. In this study Brazil nuts were found at least as effective 
as sodium selenite when similar levels of Se were taken up by rats. Mammary cancer 
protection by Brazil nuts has been associated with increased Se-retention in the liver, kidney, 
mammary gland and plasma. The magnitude of tissue Se-accumulation was proportional to 





Although Brazil nuts form a good source of Se for the diet, it is not a commonly consumed 
food. The supply of Brazil nuts is rather limited, since the trees grow only in a limited area of 
the world, the soil has to contain a considerable amount of Se, they are not easy to harvest 
and plantations are scarce. Alternatives have to be looked after and hence we arrive at the 
Se-accumulators. Most plants do not posses the ability to accumulate large amounts of Se 
and contain only foliar concentrations of 25 µg g-1 dry weight and rarely exceed 100 µg g-1 
dry weight even when grown on soils containing high amounts of the element [Bell P.F., 
1992]. Even small amounts of the element might be toxic since the incorporation of Se into 
proteins may lead to toxic levels for the plant and reduced plant growth. Various plant 
species, however, have been designated as Se-accumulators (seliniferious), because they 
have the ability to take up large amounts of Se (> 1000 mg Se kg-1) from the soil on which 
they grow. They show no signs of toxicity and they utilize the Se-amino-acids from the 
proteins for the production of several phytochemicals [Brown T.A., 1982], [Rosenfeld I., 
1964]. 
When grown in seliniferious areas, consumption of these plants can lead to toxicity. On the 
other hand, they form an interesting source of Se-food. These accumulators possess the 
ability to remediate areas contaminated with large amounts of this element. This is of interest 
since leaching of oxidized, soluble forms of Se and their accumulation in water reservoirs 
causes death, developmental and reproductive defects in the wildlife [Lemly A.D., 1997]. 
Phytoremediation, which is the use of plants to take up and remove environmental pollutants, 
was proposed to solve this problem [Banuelos G.S., 1996]. Se is taken up via the roots and 
is distributed over the different compartments (stems, shoots and leaves). Plants that 
accumulate from hundreds to thousands mg Se kg-1 dry weight are called hyper-
accumulators (or primary accumulators) (certain species of Astragalus, Stanleya, Morinda, 
Neptunia, Oonopsis, Xylorhiza), those accumulating up to 1000 mg kg-1 are the (secondary) 
accumulators (certain species of Aster, Astragalus, Atriplex, Castilleja, Comandra, Grayia, 
Grindelia, Gutierrizia, Machaeranthera). There are also the non-accumulators which take up 
to 100 mg Se kg-1. The ideal plant for phytoremediation is one that is able to volatilize the Se, 
is able to survive under difficult conditions, grows fast and produces large biomass.  
The pathway for the assimilation of inorganic Se into Se-Cys is believed to be the same as in 
non-accumulator plants (Figure 2.8 Se-metabolism in plants). Se-accumulators, however, 
metabolize the Se-Cys primarily into various non-proteinogenic Se-amino acids [Neuhierl B., 
1999]. Their synthesis probably occurs along the S-pathway. Se-Cys can be converted to 3 
different species, namely: Se-MethylSeCysteine, Se-Cystathionine and γ-glutamyl-
SeMethylSelenoCysteine. Se-Cys methyltransferase specifically methylates Se-Cys to form 
Se-MeSeCys. Further methylation might occur resulting in the formation of 
dimethyldiselenide, which is volatilized. Se-MeSeCys can be further metabolized to either γ-
glutamyl-SeMethylSelenoCysteine or dimethyldiselenide [Terry N., 2000]. The formation of 
Se-Cystathionine results in accumulation of the species since the enzyme cystathionine β-
lyase (which cleaves cystathionine) is unable to cleave this Se-analog [Peterson P.J., 1972]. 


















Figure 2.15: The metabolism of Se-Cys in Se-accumulators. 
 
The accumulation rate of Se depends on the plant and on the species with which the plant is 
supplemented. Most studies on Se-accumulation have been done with Allium sativum 
(garlic), Brassica juncea (Indian mustard) (and Brassica napus (Canola)) and some 
mushrooms [Montes-Bayon M., 2002a]. Plants accumulating Se possess only a small 
amount of protein-bound Se [Finley J.W., 2005]. Both Se-accumulators and non-
accumulators can live next to each other on seliniferious soils [Terry N., 2000]. 
The Se-accumulators can take up to 4000 mg kg-1 without exhibiting any negative effects. 
The main reason for this is the reduction of the intracellular Se concentration of Se-Cys and 
Se-Met which are normally incorporated into proteins. This may be achieved by the ability of 
the accumulators to accumulate Se into non-proteinogenic Se-amino acids such as Se-
MethylSeCysteine, Se-Cystathionine and γ-glutamyl-SeMethylSelenoCysteine. 
Only the plant species, which have proven to be of special interest for speciation purposes, 
so far, are discussed. 
2.9.5.2 Allium genus 
 
The Allium genus of vegetables includes: garlic, onions, leeks, chives and challots. They are 
of special interest in Se-speciation studies since some of them have the ability to accumulate 
Se. Garlic and onion seemed to be a good food source of Se. Garlic won, however, over 
onions, since the latter did not seem to be as powerful in accumulating Se. Furthermore, 
intake did not result in an excessive accumulation of Se in tissues, neither could any 





Garlic (Allium sativum) has acquired a reputation in Asiatic and Western cultures as a 
prophylactic and therapeutic medical agent. Its pharmacological effects, such as 
antibacterial, antifungal, hypolipidemic, hypoglycaemic, antithrombotic, antioxidant and anti-
carcinogenic properties has made this plant an interesting topic for scientific research [Song 
K., 2001]. As far as the anticarcinogenic properties are concerned, there is sufficient 
evidence that this characteristic is due to the presence of the Se-compounds. Garlic is a rich 
source of sulfur and, therefore, might be expected to convert inorganic Se from the soil to 
organic Se compounds following the sulfur assimilatory pathway [Block E., 1992]. The major 
bioactive S-compound in garlic is alliin. Se uptake by garlic converts this compound into 
several selenium-containing compounds, which are shown to be at least 300 times more 
active than their S-counterparts [El-Bayoumy K., 1996]. Ip et al. examined this by supplying 
rats with 2 types of garlic: the moderately enriched and the highly enriched type. The total 
amount of Se supplied via these two types was kept the same and thus the total amount of 
garlic differed. The results of this study showed that there was no distinction in tumor 
suppression and so they concluded that Se was responsible for this effect and not other 
constituents of garlic [Ip C., 1995]. The anticarcinogenic effect caused by the presence of 
several sulfur species was shown to be depressed when applying several heating processes 
to the garlic [Song K., 2001]. Thus care should be taken when using garlic as a nutritional 
source for Se, since heating may similarly reduce the beneficial effect of the Se-species.  
Se-enriched garlic was shown to be twice as effective in the battle against mammary tumors 
than was Se-enriched yeast [Ip C., 2000 a and b]. The anticarcinogenic properties of garlic 
are attributed to the presence of Se and more particularly to typical Se-species, which makes 
speciation analysis of particular interest in this research area [Ip C., 1995]. If Se-enriched 
garlic is implemented after a carcinogenic insult, Se-garlic is able to prevent tumor 
development which would normally occur months later [Ip C., 1996]. The responsible agent 
appeared to be a Se-species. 
A similar response concerning the anticarcinogenic effects was observed when supplying a 
Se-MeSeCys standard solution and a water extract of the garlic. This parallelism was 
remarkable, yet not close-fitting and, hence, another compound might be additionally 
responsible for the beneficial effects of garlic [Lu J., 1996]. Later on, it was stated that the 
anticarcinogenic effects of the compound were due to the ability of Se-MeSeCys to be 
metabolized to methylselenenic acid by the action of β-lyase. In vivo and in vitro studies 
provided strong evidence for the hypothesis that monomethylated selenium plays a key role 
in the prevention of cancer [Ip C., 2000b]. Another important role was reserved to γ-glutamyl-
Se-MethylSelenoCysteine. This dipeptide in which the selenoamino acid is linked at the γ-
carboxylic acid function of glutamic acid, is the major compound present in water extracts of 
garlic [Dong Y., 2001] and serves primarily as a carrier of Se-MeSeCys. Research revealed 
that γ-glutamyl-Se-MethylSelenoCysteine is an effective anticarcinogenic agent and that its 
action is very much like the one of Se-MeSeCys. Both of the compounds are well absorbed 
and the major route of excretion is via the urinary tract [Dong Y., 2001]. In a mammary 
cancer chemoprevention study, Se-enriched yeast was only half as effective as was the Se-
garlic in the reduction of the total number of tumors as well as the incidence of tumors [Ip C., 
2000b]. All of the above mentioned facts result in a major interest to produce Se-enriched 
garlic as a chemopreventive agent and make it most suitable as a commonly used Se-
enriched product. On the other hand, many people do not like this vegetable due to its 
specific odor. As intake of supplements gains popularity over the consumption of natural 
products, Se-enriched garlic tablets may be a welcome alternative. However, it should be 
kept in mind that using Se-enriched garlic as a chemopreventive agent is not as 
straightforward as can be thought. The fact that it is mostly used to add flavor to a dish and, 
hence, is often heated prior to consumption, can affect the species to the extent that they can 
be volatilized or transformed.  




Although bulbs of vegetables of the Allium genus are commonly studied, in some 
geographical areas the green tops of the onions (so called green onions (Allium cepa)) are 
consumed. Analyses of the species in the leaves revealed the presence of mainly Se-
MeSeCysteine, while Se-Cystine and Se-Methionine were present to a lesser extent [Wrobel 
K., 2004]. 
Apart from the Allium cepa, Allium fistulosum has also been investigated for its species, 
since the leaves of this onion are more commonly consumed [Shah M., 2004].  
 
 
2.9.5.3 Brassica genus 
 
Members of the Brassica genus also incorporate Se under different forms. Among the most 
known vegetables of the Brassica genus are: broccoli, Brussels sprouts, cabbage, 
cauliflower, collards, kohlrabi, mustards and kale [Banuelos G.S., 1990]. The Brassicae 
contain to a varying degree the sulfur containing glucosinolates of which Brussels sprouts 
contain the highest amounts. Studies have shown that Brassicae grown on seleniferious soils 
convert much of the Se into seleno-amino acids. These Se-containing compounds are 
expected to replace several S-compounds in the plants and to replace several S-containing 
phytochemicals. The actual activities of these Se-containing phytochemicals are still under 
discussion [Irion C.W., 1999]. Brassica juncea (Figure 2.16) (a secondary accumulator) is in 
every respect the ideal plant for phytoremediation.  
 
  
Figure 2.16: Pictures of Brassica juncea. 
 
Se-accumulation by B. juncea is strongly dependent on the Se species supplied to the plant 
[Zayed A., 1998]. Uptake of selenate was shown to be most efficient. Volatile species DMSe 
and DMDSe were also demonstrated from both plant [deSouza M.P., 2000] and seedlings 
[Meija J., 2002]. Tolerance for Se was improved by genetically modifying the plant through 
overexpression of the Se-cysteine methyltransferase enzyme. In this way, the formation of 
the non-proteinogenic Se-amino acids could be enhanced [Montes-Bayon M., 2002c].  
Broccoli (Brassica oleracea) is also able to accumulate high amounts of Se and forms an 
excellent model for study of the regulation of Se-accumulation in plants. The key enzyme, 
Se-methyltransferase, for the formation of Se-MeSeCys was cloned from this plant [Lyi S.M., 




Some, but not all mushrooms tend to accumulate Se. Agaricus bisporus (the button or 
portabella mushroom) is one of the most commonly studied mushrooms for Se-speciation 
purposes and is also the most commonly consumed mushroom type in Europe and the 
United States. Other mushrooms that accumulate Se are: Boletus edulis and Boletus 
macrolepiota [Finley J.W., 2005]. One study reported on the use of Se-enriched Agaricus 
bisporus to be efficient in the retardation of chemically induced tumors [Spolar M.R., 1999]. 
Although Agaricus bisporus is a commonly consumed food in Europe and Northern America, 
unequivocal identification of the Se-species has not yet been done. 
The most popular mushroom in East-Asian diets is Lentinula edodes (shiitake mushroom) 
which is also able to accumulate Se. The shiitake is used both fresh and dried. In the dried 
form it is used in a particular Japanese soup for its specific flavor. Research revealed that the 
specific flavor was due to some sulfur-containing compounds [Morita K., 1967]. Speciation 
analyses of a water extract of the selenized shiitake showed Se-Methionine to be the main 
compound present in these extracts. The authors stated that the presence of Se-Met was 
probably not Se-Met incorporated in proteins but rather Se-Met bound to proteins [Ogra Y., 
2004]. When looking at the metabolic pathway of Se-accumulators and non-accumulators, 
questions arise on the ability of Lentinula edodes to accumulate Se, as the species typically 
found in Se-accumulators seem to be absent in this mushroom type. 
 
2.9.5.5 Astragalus bisulcatus 
 
Special attention should be paid to Astragalus bisulcatus (two-grooved milkvetch) a primary 
accumulator, because this is the best-characterized Se-accumulator. This species grows on 
soils naturally rich in Se in the South Western part of the USA.  
Typical for these plants is their strong selenium (sweet) odor. In its natural habitat, the plants 
can take up to 0.65% Se dry weight in its shoots [Pickering I.J., 2003]. When the plants are 
grown on a selenate rich soil, the older leaves contain mainly inorganic Se (91%), whereas in 
the young leaves 90-95% of Se is organic. The roots show the lowest Se level of all tissues. 
The Se is mainly organic (92%). There is a suspicion that the Se-MethylSeCysteine in the 
young leaves is metabolized and that the Se is reoxidized to form selenate as the leaves 
age. Another explanation would be that the Se-MeSeCysteine is exported from the young 
shoots as it ages and accumulates in the even younger shoots. An alternative explanation is 
the metabolization of Se-MeSeCysteine to dimethylselenium, which would explain the 
malodorous nature of the plant and hence protect them from insect attack [Pickering I.J., 
2003]. A. bisulcatus contains the enzyme selenomethyltransferase which uses S-
methylmethionine as the methyldonor for methylation of Se-Cysteine to Se-
MethylSeCysteine. In these plants the main compound found is Se-MethylSeCysteine, one of 
the common species found in Se-accumulators. The seeds of these plants accumulate Se as 
γ-glutamyl-SeMethylSelenoCysteine. The enzyme, Se-methyltransferase was cloned from A. 
bisulcatus. Recently, Brassica juncea has been genetically modified to overexpress this 
enzyme [Montes-Bayon M., 2002b]. Because this enzyme is responsible for the methylation 
of Se-amino-acids, it can aid in the detoxification process and hence, increase the tolerance 
of plants to selenium. 
Plants growing on seleniferious soils accumulate sufficient Se to cause toxicity to livestock 
[Trelease S.F., 1937]. Selenium is essential for the growth of two-grooved milkvetch, with a 




Uptake of Se by fish can be from water or plants. Uptake of water soluble substances can be 
by gills, epidermis or gut. Uptake via the food remains, however, the main pathway. 
Concentrations in water of 3-5 µg Se l-1 are considered to be the level at which Se-
accumulation occurs. Accumulation of Se in marine animals is greater from dietary sources 
(phytoplankton and zooplankton) than from water [Sandholm M., 1973]. When looking at the 
bioavailability of Se to fish, source and species are of the utmost importance. Studies 
showed that the order of bioavailability to Atlantic salmon is: Se-Met > Selenite > Se-(Cys)2 > 
fish meal [Bell J.G., 1989]. Fish species living close to the bottom of the aquatic environment 
also take up Se from the sediments.  
Fish is known to accumulate significant amounts of Se and is potentially a good source of Se 
for humans [WHO, 1987]. The Se-content of the edible part of different types of fish vary 
within a small range (0.2-0.9 µg g-1) [Mc Lance, 2002]. The absorption of Se from fish by 
humans is comparable to that of plant origin [Fox T.E., 2004]. In order to estimate the Se 
intake from fish, a recent Spanish-Portuguese trial focused on the Se in fish commonly 
consumed by humans. Measurements were only done on one sample. The total Se 
concentration was high in: sardine, swordfish and tuna (0.43 +/- 0.02; 0.47+/- 0.02 and 0.92 
+/- 0.01 µg g-1, respectively). Concentrations were low in mackerel shad and octopus (0.26+/- 
0.01 and 0.13 +/- 0.01 µg g-1, respectively) [Cabanero A.I., 2005]. Up till now, data on Se-




The Se content of beef varies. Cattle fed a high Se diet may have Se concentrations in beef 
that are well above average. The Se-concentration in beef is directly related to the Se-
concentration of the crops on which they graze and hence to the soil Se content [Hintze K.J., 
2001]. Such meat is potentially a unique supplemented source of dietary Se. Feeding them 
higher amounts of Se via agricultural products resulted in higher Se amounts in their tissues 
[Hintze K.J., 2002]. Red meat such as pork and beef could accumulate high amounts of Se 
when the animals were fed a Se-rich diet. Moreover, Se from meat has been shown to be 
highly bioavalable for protein-synthesis. Finley recently studied the bioavailability of Se from 
broccoli and meat when feeding rats. It was observed that when dietary Se was adequate, 
more Se was retained from the meat than from the broccoli compared to the case where the 
animals were fed Se at supranutritional levels [Finley J.W., 2004]. Studies to gauge the 
impact on the Se-uptake by humans after consumption of meat high in Se-concentration 
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This chapter deals with the principles of the different separation and detection systems. 
Some will only be discussed briefly since their principle is well known. The interested reader 
is then referred to some outstanding and extensive reviews or books. Other techniques are 
described in more detail. Special attention is paid to the use of the techniques for the 
analyses of Se-compounds, the specific problems to be expected and how they can be 
overcome. The last part of this chapter is devoted to the different hyphenated techniques 
used during this work and to their application by other research groups. 
 
3.2 Hydride Generation Atomic Fluorescence Spectrometry (HG-AFS) 




In atomic fluorescence spectrometry (AFS) the analyte is brought into an atom reservoir (in 
our case a flame). Radiation from a line or continuous source is used to excite atoms to a 
higher electronic state. The fluorescence radiation, emitted when the atoms return to their 
ground state, is measured. The intensity of the atomic fluorescence radiation is proportional 
to the intensity of the exciting radiation and to the concentration of analyte atoms. Detection 
limits can thus be improved by using an intense excitation source. The system used in this 
work was a PSA millennium Excalibur (Anatech, Heverlee, Belgium), equipped with a 
Boosted Discharge Hollow Cathode Lamp (BDHCL) (Photron, Victoria, Australia) as the 
excitation source. Such a lamp produces intense spectra with narrow line widths. The lamp 
consists of an anode mounted behind a cylindrical cathode. A primary discharge is struck 
between the cathode and anode to sputter atoms of the element of interest. A secondary 
discharge (Boost) is then struck between an efficient electron emitter and the anode, passing 
through the primary atom cloud. The resonance lines for measurement of Se are 196 (most 
sensitive) and 204 nm. A system for AFS consists of a primary source, an atom reservoir and 
a detection system for measurement of the fluorescent radiation. A schematic diagram of the 
HG-AFS apparatus is given in Figure 3.1. 
The detection limits in AFS are low, particularly for elements with high excitation energies. 
Sensitivity is especially favourable for elements forming volatile species. Hydride generation 
(HG) in combination with AFS is quite sensitive for the determination of Se. It is also a 
relatively low cost instrument for elemental speciation purposes. Hydride generation can be 
performed efficiently by reduction with nascent hydrogen. This can be done by reaction of the 
acidified sample with sodium borohydride (NaBH4). The general reaction is: 
                                           Em+ 
NaBH4 + 3H2O + HCl → H3BO3 + NaCl + 8H  →  EHn + H2 (excess) 
 
in which Em+ is the analyte in oxidation state m and EHn is the hydride of the analyte 
[Broeckaert J.A.C., 2002], [Vandecasteele C., 1993].  
During this study, a flow of NaBH4 stabilized with NaOH was used for hydride generation of 
the acidified sample. The hydrides are separated from the liquid in a gas-liquid separator and 
are subsequently guided to the source by a carrier gas (Ar) flow. The hydrides are 
accompanied by an excess of hydrogen, maintaining the flame due to the constant flow 
through the cell. The hydrides are atomized and are detected by atomic fluorescence.   
The major advantages of HG-AFS are its excellent sensitivity, its wide linear range and the 
fact that it is relatively free from interferences and memory effects.  
 
 
Figure 3.1 Schematic diagram of the HG-AFS system hyphenated to a liquid 
chromatography system. 
 
3.2.2 HG-AFS for elemental detection of Se 
 
Se is one of the limited number of elements from which hydrides can be formed. Only 
selenite (Se in oxidation state +4) can be transformed to the hydride (oxidation state -2) and 
hence, all species should be converted to Se(IV) prior to hydride formation. In an acidic 
environment Se(VI) can be readily reduced to Se(IV). The overall reaction with borohydride 
is: 
3BH4- + 3H+ + 4H2SeO3  →  4SeH2+ 3H2O+ 3H3BO3 
 
Operating conditions are substantially different between batch and flow systems, the latter 
being the case for speciation studies. When the total concentration needs to be determined, 
all Se in the sample has to be converted to Se(IV) prior to the analyses. When organic 
compounds are present in the matrix these too have to be converted. For total concentration 
determination this is done by treating the sample with a mixture of nitric acid-sulfuric acid and 
perchloric acid [Welz B., 1998]. In the case of speciation analyses the species have to be 
converted post-column (Chapter 5).  
When reducing Se(VI) to Se(IV), special attention has to be paid to the reducing agents. The 
couple Se(VI)/Se(IV) in a 1M acid solution has a standard redox potential between 0.88 and 
1.151 V, depending on the Se species involved, while the standard redox potential of the 
couple Se(IV)/ Se(0) is in the range of 0.74-0.875 V [Brindle I.D., 1997]. Reductants 
(ascorbic acid, thiourea, amino acids, iodide,…) with redox potential below the one of the 
Se(IV)/ Se(0) couple are not suitable for prereduction, because the reduction of Se(VI) to 
Se(IV) would be followed by reduction to elemental Se. Suitable reductants are: hydrochloric 
acid, bromide [D’Ulivo A., 1989] and TiCl3. HCl is the most commonly used. The reduction of 
Se(VI) to Se(IV) is described as: 
 
3H+ + HSeO4- + 2X-  ↔ X2(aq) + H2SeO3 + H2O 
 
in which X represents Cl or Br. Brindle et al. showed that the prereduction reaction is much 
more favoured in HBr than in HCl solution and that the re-oxidation of Se(IV) is favored under 
HCl conditions. When using HBr/ Br2 organic compounds were oxidized to Se(IV) and not 
further to Se(VI) [Brindle I.D., 1997]. Investigations on the conversion capacity of HBr 
solutions on trimethylselenonium ion and on Se-Met revealed that they can be quantitatively 
converted to Se(IV) in hot concentrated HBr with a large excess of bromine with respect to 
organic Se [D’Ulivo A., 1994]. In order to detect and determine the concentrations of Se(IV) 
and Se(VI) a flow injection-HG-AFS method can be applied in which part of the sample is 
sent directly to HG-AFS and part passes through a microwave oven to reduce Se(VI) to 
Se(IV) [Bryce D.W., 1995]. 
 




Mass spectrometry (MS) already leaves an extensive history behind itself. Research during 
the last decades has made this tool indispensable for many (analytical) laboratories 
worldwide. Several discoveries in the late 19th century form partly the base for the 
development of the first mass spectrometer, although the first spectra were only recorded in 
1912 (Thomson, mass spectra of O2, N2, CO, CO2 and COCl2.) [Thomson J.J., 1913]. In the 
early 20th century, mass spectrometry was almost exclusively used by inorganic chemists. 
[Biemann K., 1962]. Today, mass spectrometry has a well established place in both organic 
and inorganic analysis, giving molecular mass and sometimes structural information of the 
analyte. Basically, in MS the ionized analyte (or the fragments resulting from degradation) 
are used to unravel the structure of the compound. The ions, which are formed, are 
separated based on their mass to charge ratio (m/z) in an analyzer and detected, 
subsequently resulting in a mass spectrum. In Table 3.1 a brief overview of the mass 




Table 3.1: The history of mass spectrometry [De Hoffmann E., 1996]. 
 
Year Major achievements Perspective impacts 
1886 Goldstein discovered positive ions 1898: Wien analyzed these 
positive ions by magnetic 
deflection 
1901 Kaufmann et al. analyzed cathodic rays using parallel 
electric and magnetic fields 
 
1912 Thomson (Nobel Prize in 1906) obtained mass spectra of 
O2, N2, CO, CO2 and COCl2 and observed negative and 
multiply charged ions. Discovered isotopes 20 and 22 of 
Ne 
First MS experiment 
1918 Dempster developed the first magnetic focusing 
instrument and electron impact (EI) 
1956: Gohlke and McLafferty: 
GC-MS 
1919 Aston (Nobel Prize in 1922) developed the first magnetic 
deflection instrument with direction focusing 
1930: Conrad applied MS to 
organic chemistry 
1932 Bainbridge proved the mass energy equivalence 
postulated by Einstein 
 
1934 Smythe et al. succeeded in the first preparative isotope 
separation 
 
1936 Arnot and Milligan developed secondary ion MS (SIMS) 1974: MacFarlane et al.: PD-
MS 
1981: Barber et al.: FAB-MS 
1983 : Blakely et al. : 
Thermospray 
1987 : Karas & Hillenkamp: 
MALDI 
1946 Stephens proposed the concept of TOF-MS 1955: Wiley & McLaren made 
key advances of TOF-MS 
1952 Marcus (Nobel Prize in 1992) developed theories of 
quasi-equilibrium to explain the monomolecular 
fragmentation of ions 
 
1952 Nier-Johnson constructed the first double focusing 
instrument 
1956: Beynon: high resolution 
MS 
1967: McLafferty & Jennings: 
tandem MS 
1971: Barber et al.: electrostatic 
and magnetic sector MS/MS 
1953 Paul et al. (Nobel Prize in 1989) described the 
quadrupole analyzer and the ion trap or quistor in a 
patent, and described the quadrupole spectrometer in 
1958 
1978: Yorst & Enke: triple 
quadrupole MS 
1984: Stafford et al.: developed 
the ion trap detector for GC, 
later commercialised by 
Finnigan 
1957 Kratos introduced the first mass spectrometer with 
double focusing for exact mass determinations 
 
1961 Introduction of the ICP  
1965 Hipple et al. developed ion cyclotron resonance 1974: Comisarow et al.: FT-
ICR-MS 
1966 Munson and Field developed CI-MS  
1968 Dole et al. discovered ESI 1984: Fenn et al. develop ESI 
for macromolecules 
1968 Finnigan introduced the first mass spectrometer coupled 
with a data processing unit 
 
1969 Beckey used field desorption MS for organic molecules  
1972 Beynon described metastable decomposition and proved 
the usefulness of high resolution in the determination of 
elementary composition of ions 
 
1972 Tal’roze et al. described first LC-MS coupling with 
capillary inlet 
 
1983 Commercial introduction of ICP-MS  
1987  Smith et al. described CE-MS interfacing  
  
3.3.2 Ionization sources 
 




Inductively coupled plasma-mass spectrometry (ICP-MS) is an excellent technique for 
determination of trace elements in a diversity of matrices. As with all techniques, it has some 
major advantages and also some disadvantages. ICP-MS is characterized by low detection 
limits (sub ng l-1), a wide linear dynamic range, its multi-element capabilities and a high 
sample throughput. It can, however, in its standard configuration (i.e. equipped with a 
peristaltic pump) not be used for elemental speciation. ICP-MS can only be used as a 
species-specific detector if it is preceded by a separation technique. In this configuration, it 
can be used as a sensitive, multi-elemental on-line detector (§ 3.5.3). The most prominent 
disadvantages are its spectral and non-spectral interferences. The relevant interferences for 
Se-speciation are discussed in § 3.3.5.1. 
 
3.3.2.1.2 Principle  
 [Broeckaert J.A.C., 2002], [Montaser A., 1998] 
 
The sample solution is converted to an aerosol in a pneumatic nebulizer. In order to have a 
stable plasma, the supply of droplets has to be stable. The larger droplets are hence 
removed in the spray chamber. The other droplets are carried along by Ar or another carrier 
gas into the plasma. The plasma is a mixture of molecules, ions, electrons and atoms at a 
high temperature (6000-10000 K). It is electrically neutral and is generated at the end of a 
torch, consisting of three concentric quartz tubes. Around the torch, there is an induction coil, 
connected to a high frequent RF generator. By applying an RF current, an alternating 
magnetic field is generated, resulting in collision of the electrons (produced by a high voltage 
Tesla discharge) with the Ar atoms, which are finally ionized. When the sample droplets are 
introduced in the ICP, they are desolvated, the molecules are atomized and finally the atoms 
are ionized by the high temperature and Ar+ in the plasma. This occurs when an electron 
acquires sufficient energy, equal to the first ionization energy of the element. The electron 
can then escape from the attraction of the atomic nucleus. A schematic overview of the 
sample introduction system and the ICP is given in Figure 3.2, with in the inset, a picture of 
the plasma. The function of the plasma is to generate an efficient ionization source for the 















Figure 3.2: Schematic overview of the standard sample introduction system in ICP. In the 
inset a picture of the plasma is given. 
 
The ICP operates at atmospheric pressure, while the MS is operated under high vacuum. 
Several vacuum stages are hence needed for the proper working of the combination ICP and 
MS. An interface is placed between the ICP and the MS, consisting of a sampling cone 
allowing the introduction of the ions from the plasma into a higher vacuum stage. The 
presence of a skimmer allows the introduction of the sample into a subsequent higher 
vacuum stage. Both the sampling cone and the skimmer are water-cooled and have a small 
central aperture through which the sample is introduced to the successively higher vacuum 
stages. Due to the subsequently lower pressure, the sample ions are extracted into the first 
chamber and are focused by a series of ion lenses into the mass spectrometer, which is in 
this study a quadrupole mass spectrometer. The inductively coupled plasma can also be 
applied as ionization source for different types of mass spectrometers (quadrupole, magnetic 
sector, time-of-flight). The instrument used during this study was a SCIEX Elan 5000 (Perkin 
Elmer, Glendale, Ontario, Canada) equipped with a continuous dynode electronmultiplier for 
detection. The ICP-MS instrument in its standard configuration (i.e. equipped with a 











In the past, nuclear magnetic resonance (NMR) studies were often used for compound 
identification. Nowadays, ESI-MS is preferred, since this technique requires smaller sample 
volumes and amounts and less preliminary purification [McSheehy S., 2002]. 
ICP as an ionization source results in a complete degradation of the molecules and only 
information on the elemental level can be gathered with this ionization technique. In contrast, 
ESI is a ‘soft’ ionization technique, in which the molecules get charged, allowing not only to 
get structural information of the compounds, but also to study the non-covalently 
associations of elements with biomacromolecules (metallothioneins) [Chassaigne H., 2000], 
[Loo J.A., 2000]. This method allows the ionization and vaporization of large, polar and 





The overall electrospray process comprises three steps: the production of charged droplets, 
shrinkage of the droplets, finally leading to droplets small enough and capable of being 
transformed into gas phase ions and the actual mechanism in which gas phase ions are 
produced. Electrospray ionization is accomplished by forcing a liquid containing the analyte 
of interest through a capillary (needle). Between the tip of the capillary (i.d. 0.1 mm, o.d. 0.2 
mm) and a counter electrode (located 1-3 cm from the capillary), a potential of generally 2-5 
kV is applied, resulting in the spray of the liquid (a polar solvent) with the analyte. When 
turned on, the electric field penetrates the solution and the ions in the solution will move 
under the influence of the field until a charge distribution is generated, counteracting the 
applied field. When a positive voltage is imposed, the positively charged ions will move away 
to the meniscus of the liquid (i.e. at the tip of the capillary). At some point the repulsion at this 
tip overcomes the surface tension and the surface begins to expand, resulting in the 
formation of a (Taylor-)cone. If the applied field is sufficiently high, a fine jet emerges from 
the tip of the cone, breaking down into small droplets (spray) [Cole R.B., 1997]. The droplets 
in the spray will have either an excess of positive or negative charges on their surface, 
depending on the polarity of the capillary (positive or negative ion mode). The solvent 
present in the droplets is evaporated, resulting in shrinkage of the droplets, however, charge 
remains the same. This leads to increased repulsion in the droplets, until the moment that 
this repulsion equals the surface tension (Rayleigh limit). Droplet fission occurs when the 
Rayleigh limit is exceeded and subsequently the droplets shrink even more until the 
repulsion overcomes the surface tension again, resulting in further droplet fission. This 
mechanism occurs until, ultimately, gas-phase ions are formed. Meanwhile, electrospray acts 
as a special kind of electrolytic cell. Considering the positive ion mode, the continuous build-
up of positive charges at the capillary tip and the removal of them, leads to a depletion of 
positive charges in the capillary. Positive ions should thus be supplied. This is accomplished 
by either converting atoms from the metal to ions, which leave behind electrons, or 
alternatively the removal of negative ions from the solution by an oxidation reaction [Blades 
A.T., 1991].  
There are two different theories on the formation of gas phase ions from the droplets. One is 
the Iribarne-Thomson theory which predicts that gas phase ion emission (ion evaporation) 
occurs immediately from the very small droplets [Iribarne J.V., 1976], [Thomson B.A., 1979]. 
The competitive theory of Dole states that a succession of coulombic fission forms smaller 
droplets until finally droplets are formed, consisting of one excess ion (charged residue 
model) [Dole M., 1968]. Nowadays, it is believed that both mechanisms play a role in the 
electrospray process and that the ion evaporation model is the preferred one for small 
molecules. In Figure 3.3. a schematic representation of the electrospray process is given. 





































ions by further droplet
fission and/or ion 
evaporation  
 
Figure 3.3: The electrospray process and the formation of gas-phase ions. 
 
The mass range of mass analyzers is limited. This hampers the analysis of large 
biomolecules having masses far exceeding the range of the analyzers. With ESI as an 
ionization source this problem can be overcome since multiply charged ions are formed. 
[Fenn J.B., 1989]. This results in lower m/z values which can be measured by the mass 
analyzers. The electrospray process has been extensively studied and has, hence, been 
subject of some outstanding books and papers. Some of them are mentioned hereafter. The 
formation of ions in the gas-phase is extensively discussed by Cole and by Kebarle et al. 
[Cole C.B., 1997], [Kebarle P., 1993, 1997, 2000]. A special feature in the Journal of Mass 
Spectrometry was devoted to the discussion on the involvement of electrochemistry in the 
electrospray process [Cooks G., 2000]. 
 
3.3.2.2.3 ESI in practice 
 
ESI can be used in combination with different mass spectrometers, of which the most 
commonly used is the quadrupole analyzer. The electrospray process occurs at atmospheric 
pressure, while mass spectrometers operate under high vacuum (§ 3.3.3). The instrument 
used during this study was a Quattro Micro mass spectrometer equipped with a Z-spray 
source (a dual orthogonal sampling technique) fitted with an electrospray probe (Micromass) 
[Micromass 1, 2]. The liquid containing the analyte passes through the capillary and the 
potential difference is sufficient to generate the spray at very low flow rates (a few µl min-1). 
When higher flow rates are applied, the use of a nebulizer gas (N2) is needed (so called 
pneumatically assisted ESI or ionspray). The desolvation of the droplets is accomplished by 
the presence of a heated N2 flow close to the probe (desolvation gas) and to the cone (cone 
gas). For final desolvation the source block is also heated. In the Z-spray set-up, the charged 
gas phase ions are extracted by the sampling cone into the ion block from where they are 
extracted to the analyzer by the extraction cone. Both cones are positioned in such way that 
the charged ions follow a Z-like path in order to reach the mass spectrometer. This 
orthogonal design aims at a better extraction of the ions of interest, leaving the unwanted 
large droplets, involatile matter and particulates behind. This leads to a decrease of 
background noise, through which better limits of detection and sensitivity are obtained 
[Chassaigne H., 2003]. Once passed through the extraction cone, the ions enter the first 
vacuum stage where they are focused by ion lenses leading them to the second vacuum 
stage where the analyser is present. A schematic representation of this instrumental set-up is 
given in Figure 3.4. The electrospray source can also be used to provide fragment ions. In-
source fragmentation can be induced by elevating the voltage on the extraction cone, leading 
to controllable fragmentation of the compound and, hence, structural information. At 
sufficiently high cone voltage, the element can even be detected and the electrospray source 


















Figure 3.4: Schematic representation of the electrospray probe and the ion source block in 
the Quattro Micro triple quadrupole mass spectrometer. 
 
3.3.2.3 Electron impact (EI) 
 [Kitson F.G., 1996] 
 
The electron impact source consists of a heated filament giving off electrons which are 
accelerated towards an anode. In electron impact, molecules are ionized by collision with 
these accelerated electrons. The energy of the electrons (usually 70 eV) is higher than the 
ionization energy of the molecule. Mainly positively charged ions are generated with an 
excess of energy. The electrons enter the ionization source through a small aperture. When 
these electrons pass near neutral molecules, they may impart enough energy to remove 
outer shell electrons of the molecule, resulting in additional free electrons and positive ions. 
The energy involved in this type of ionization is high and the excess energy is used for 
breaking bondings in the molecule, resulting in the formation of fragments. An important 
characteristic in revealing the molecules structure is the mass of the molecular ion. Due to 
the high energy, this molecular ion is often not observed in the mass spectrum when EI is 
used and, hence, a softer ionization mechanism is sometimes applied: chemical ionization 
(CI). 
 
3.3.2.4 Chemical ionization (CI) 
 
The same ion source as in EI is used and a reactor gas is added to the eluent, this gas is 
fragmented by the entering electrons. The fragments are strong proton donors and can 
donate a proton to the molecule of interest, resulting in detection of the [M+H]+-ion in the 
mass spectrum (positive chemical ionization). If for instance, methane is used as the reactor 
gas the first reaction to occur is a classical electron impact reaction. The formed ion will 
fragment but will also collide and react with other molecules. Chemical ionization can also be 
used for the formation of negative ions. CI allows to detect the molecular ion in most cases 
as less fragmentation occurs, since less energy is transferred during ionization. In CI the 
electrons are generated using an electron beam. The ion chamber for the ionization is more 
tightly closed than is the case in EI, hence, a higher pressure can be applied. 
 
3.3.3 Quadrupole mass spectrometer 
  [De Hoffmann E., 1996], [Watson J.T., 1997] 
 
Apart from the quadrupole analyzer, there are different other types of mass spectrometers 
(Time-of-Flight (TOF), magnetic and sector field mass analyzers, ion trap, Fourrier transform 
ion cyclotron resonance MS (FTICR)), all with their own advantages and disadvantages. The 
most applied MS, however, is the quadrupole mass spectrometer. The instruments used in 
this study were all equipped with this type of analyzer. The major advantages of this MS are 
its high scan speed, the relatively low price, the ability to work at relatively high pressure. The 
major disadvantage of the quadrupole is its limited resolution. 
A quadrupole analyzer consists of four cylindrical rods positioned at the corners of a square. 
The diagonally opposite rods are connected together electrically to radiofrequent (RF) and 
direct current (DC) voltage sources. Both electrical pairs have the same although opposite 
voltage (+/-(U+Vcosωt). The ions from the source are extracted and accelerated along the 
longitudinal axis of the rods towards the detector. The quadrupole actually functions as a 
mass ‘filter’ according to the RF and DC voltages. The ions entering the quadrupole can 
either traverse a stable trajectory, in which they finally reach the detector, or they can cover 
an unstable trajectory, in which they are removed prior to arrival to the detector. In this way, 
a quadrupole only allows the passage of ions with a certain m/z ratio.  A complete mass scan 
can be performed by varying the RF and DC voltage in such a way that their ratio remains 










Figure 3.5: Schematical presentation of a quadrupole analyzer. 
 
The trajectories of ions in a quadrupole have been extensively discussed in some recent 
books. Only the basic information and considerations necessary for the understanding of the 
mass filter properties of a quadrupole are mentioned here. For further information the 
interested reader is referred to [De Hoffmann E., 1996], [Watson J.T., 1997]. In order to 
understand the operation principle of the filter, the ion trajectory needs to be examined in the 
X-Z and in the Y-Z plane separately (Figure 3.6). When looking at the influence of both the 
RF and DC voltage it can be concluded that in the X-Z plane only ions with m/z above a 
certain value reach the detector. Due to the RF voltage, ions are subsequently focused and 
defocused to the axis. The fact whether a defocused ion is removed from the  quadrupole 
depends on the time needed for the ion to reach a rod, which is also determined by the 
negative potential on the electrode, the frequency of the RF voltage and the position, speed 
and m/z of the ion. As the heavy ions are only influenced by the average of the potential of 
the electrodes, they are only influenced by the DC component, leading to focusing of the ion 
in case of a positive voltage on the rods in the X-Z plane. The light ions are, however, 
influenced by the RF voltage and whether they are defocused or not depends on their 
acceleration caused by the RF component. Hence, in the X-Z plane ions above a certain m/z 
are allowed. In the Y-Z plane only ions with m/z below a certain value reach the detector, 
since the voltage on the electrodes has the same value as in the X-Z plane, but has the 
opposite polarity (in this case negative), leading to defocusing of the heavy ions. Combining 
both effects leads to the conclusion that only a narrow window of m/z can reach the detector 
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Figure 3.6: Illustration of the working of a quadrupole as a mass filter. 
 
The potential Φ an ion experiences in the quadrupole is:  
 
Φ=[U+Vcos(ωt)] (x2-y2) / 2r02 
 
In which  U is the direct potential, V is the RF amplitude, ω is the angular frequency, x is the 
distance to the X-axis, y is the distance to the Y-axis and r0 is the distance to the central axis 
(Z). The applied potential leads to an electric field inducing forces along the X and Y 
trajectory of the ion. The trajectory is described by the Mathieu equations. Two terms were 








The solution of the Mathieu equations leads to two possibilities: either the ions describe a 
stable trajectory or they describe an unstable trajectory. The stability of the ion traject is 
determined by the values of a and q, which is clarified in Figure 3.7 (part B). The coloured 
zone gives the values of a and q that lead to a stable trajectory through the MS. The 
interpretation is as follows: since during scanning the ratio of U to V is kept constant, the ratio 
of a to q is constant, a mass scanline can hence be drawn (Figure 3.7 part A). This scanline 
consists of all values of a and q persisting in such scan. If it is supposed that the parameters 
e, ω, r0, U and V are kept constant and m can vary, we can look at the mass scanline as a 
line of points each representing a certain mass.  In this diagram the lighter ions are present 
in the right corner while the heavier ions are present in the left corner (depending on the 
influence they experience from the DC or RF amplitude). In practice, r0 and ω are constant 
and the a, q stability diagram can be replaced by an U-V stability diagram, which is then only 
valid for 1 particular mass (Figure 3.7 part B.). When scanning according to scanline 1, a 
mass spectrum is obtained in which the masses are separated, scanning according to 












Figure 3.7: A: a-q stability diagram, B: U-V stability diagram. 
 
3.3.4 Tandem mass spectrometry 
  [De Hoffmann E., 1996], [Gaskell S.J., 1994], [Watson J.T., 1997] 
 
A tandem mass spectrometer consists of several mass analyzers. Different combinations are 
now commercially available: triple quadrupoles (QqQ), Q-TOF, TOF-TOF, Q-Trap. The 
equipment used during this study consisted of a triple quadrupole system and hence only this 
type of tandem mass spectrometer will be discussed in detail.  In the QqQ configuration the 
first and the last quadrupole (Q) serve as mass analyzers. The second quadrupole (q) (which 
is actually a hexapole in case of the Quattro Micro mass spectrometer) serves as a collision 
cell, operating in RF only mode [McLafferty F.W., 1983]. The working of the collision cell, is 
as follows: it can pass all masses coming from the first quadrupole or it can be activated in 
order to fragment selected ions coming from the first mass spectrometer. In the latter case 
the collision cell is filled with a collision gas (an inert gas) and the gas atoms (molecules) 
collide with the precursor ions of interest. Due to this collision, part of the ion’s translational 
energy is converted into internal energy bringing the ion in an excited state. Excited 
precursor ions then decompose to product ions (collision induced dissociation) [Griffiths W.J., 
2001]. In this way, the first mass analyzer (Q1) can select a particular ion (the precursor ion) 
which is then subjected to collision induced dissociation (CID) in q, leading to the formation 
of product ions. These product ions can then be analyzed in the second mass analyzer (Q2). 
Structural information of compounds can thus be gathered. The basic principle is shown in a 

























Figure 3.8: Block diagram of the working of a QqQ instrument. 
 
Depending on the goal for which MS-MS is used, different modes can be used for analyses. 
To obtain information on the composition of the sample, a full scan can be done. For 
obtaining structural information of an unknown compound, product ion scanning is of interest. 
A neutral loss or precursor ion scan is of interest when a group of molecules has to be 
examined, while selected ion recording (SIR) and multiple reaction monitoring (MRM) are 
particularly useful for the detection of specific compounds in a mixture. The different scan 
modes used during this study are discussed.  
A full scan of a sample induces the detection of the molecular ions of the compounds in that 
sample. Therefore the first mass analyzer is used in the scan mode passing all ions in a 
certain m/z range. The collision cell and the second Q are in RF-only mode allowing the 
passage of the ions coming from the first Q (Figure 3.9). Alternatively, Q2 can be used to 
scan. A product ion scan consists of the selection of a precursor ion in the first mass 
analyzer. This ion then enters the collision cell, where it is fragmented into several ions that 
pass through the scanning Q2. The fragments are finally detected by the photomultiplier 
(preceded by a conversion dynode and a phosphor)  (Figure 3.9). In selected ion recording 
(SIR), the first Q is kept static allowing the passage of only one m/z. Both q and the second 
Q are in RF-only mode allowing the passage of these few ions to the detector. This scan 
mode enhances sensitivity since the time the mass analyzer can measure on one m/z is 
significantly higher than when scanning of a certain m/z range is necessary. Multiple reaction 
monitoring (MRM) is by far the most sensitive manner applicable in MS-MS. The first 
quadrupole selects an ion, which enters the collision cell. The ion is fragmented and the 
fragments are directed towards the second quadrupole, selecting only one or a few product 
ions. Hence, this method allows the detection of a typical transition m/z (precursor ion) to m/z 
(product ion)) of a molecule. This is especially useful in the analyses of compounds of 








































Figure 3.9: Different scan modes in the QqQ instrument. 
 
3.3.5 MS applications 
 
3.3.5.1 Detection of Se by ICP-MS 
 
One of the major disadvantages of ICP-MS measurements is the occurrence of 
spectroscopic interferences. They are caused by isobars, doubly charged ions and 
polyatomic ions having the same nominal mass-to-charge ratio (m/z), originating from the 
entrained air, plasma gas, solvent or matrix. Isobaric overlaps are easy to predict and to 
overcome by selecting the appropriate isotope or by elemental correction equations based 
on relative natural abundances of the isotopes. Se-determination is severely limited by the 
presence of polyatomic interferences on several of its isotopes. Some of the interferences 
are caused by the formation of polyatomic Ar containing ions and since the Ar is necessary 
for generation of the plasma, this may result in severe problems. Moreover, the generation of 
these ions are susceptible to the plasma conditions and the sample matrix [Llorente I., 1997]. 
An overview is given in Table 3.2. 
  
Table 3.2: Interferences of the natural abundant isotopes of Se. 
 
Isotope Relative abundance Interference 
74Se 0.89% 37Cl2+, 40Ar34S+ 
76Se 9.36% 36Ar40Ar+, 38Ar38Ar+, 40Ar36S+, 31P214N+ 
77Se 7.63% 40Ar37Cl+, 40Ar36Ar1H+ 
78Se 23.78% 38Ar40Ar+, 31P216O+ 
80Se 49.61% 40Ar2+ 
82Se 8.73% 12C35Cl2+, 34S16O3+, 82Kr+, 40Ar2H2+, 1H81Br+ 
 
The 2 most abundant Se isotopes: 78Se and 80Se are severely interfered by the presence of 
Ar dimers. Another drawback of the Se determination with ICP-MS is the high ionization 
potential of the element (9.75 eV). The ionization efficiency in ICP-MS is function of the first 
ionization potential of the element. Elements with ionization potentials up to 7 or 8 eV show 
an ionization degree near to 100%. For elements like Se the degree of ionization is seriously 
lower, only 30% of Se is ionized, resulting in poor sensitivity [Ebdon L., 1998]. On the other 
hand, several studies have revealed a positive effect on the detection of Se by addition of 
carbon to the solute. The elements to benefit most of this effect are selenium and arsenic 
since their ionization potential is between 9 and 11 eV. The addition of organic modifiers is 
supposed to modify the ionization equilibrium in the plasma. It has been suggested that the 
addition of carbon (ionization energy 11.26 eV) leads to an enhanced level of C+ and/or 
carbon containing polyatomic ions in the plasma, which could result in an electron transfer 
from the element, lower in ionization energy, to the C-containing ion. An increase in the 
degree of ionization can only be established for those elements that are not already ionized 
under conventional plasma conditions [Larsen E.H., 1994]. Another suggestion is that the 
charge of C is transferred to Se, bringing Se in the first excited state [Abou-Shakra F.R., 
1997]. Other possibilities involve the suppression of ionization of polyatomic compounds, 
increased breakdown or competitive formation of polyatomic compounds other than those 
interfering with the Se-isotopes [Evans E.H., 1989]. 
Apart from spectroscopic interferences, non-spectroscopic interferences (matrix effects) can 
occur. These are defined  as variations in signal due to sample transport efficiency, ionization 
in the plasma or extraction and transfer of ions in the matrix. These interferences may result 
in both signal enhancement and signal suppression. These effects can also be used for a 
better detection of Se, as will be shown in Chapter 5.  
The effects of interferences, how to overcome them and how to use ICP-MS in elemental 
speciation is more extensively discussed in the Handbook of elemental speciation: 
techniques and methodology [Houk R.S., 2003], [Vanhaecke F., 2003]. 
 
3.3.5.2 ESI-MS in elemental speciation 
 
ESI-MS is suitable for detection of elemental species provided that they can be transferred to 
the gas phase and remain unaltered [Rosenberg E., 2003]. It is a versatile technique for 
speciation analysis with or without preceding chromatographic or electrophoretic separation. 
From 1999 on, the first reports were made on the use of ESI-MS in the speciation analyses 
of Se. In contrast to ICP-MS, ESI-MS is able to identify unknown compounds, or to confirm 
the presence of known species based on their molecular mass spectra even when authentic 
standards are unavailable. This challenging task is mostly achieved by MSn instruments 
(triple quadrupole, ion-trap). 
Single quadrupole MS can already be applied for the detection of Se-containing compounds 
based on the presence of the characteristic isotopic pattern of the element. As an illustration 
the isotopic pattern is shown in a spectrum of a Se-compound containing 1 Se atom. In the 
inset the relative theoretical abundances of Se are given (Figure 3.10 right). The spectrum on 
the right is an enlargement of the full spectrum of a Se-Methionine standard (molecular 
formula: NH2CH(COOH)CH2CH2SeCH3), shown in the left part of the figure. It is clear from 
this ESI-MS spectrum that the isotopic pattern of Se can be detected with their respective 
natural abundances. 
 



































Figure 3.10: Detection of the isotopic pattern of Se. Left: full spectrum of Se-Methionine; 
right: enlargement of the isotopic pattern of the molecular ion with the theoretical abundance 
of the isotopes in the inset. 
 
Things are getting more complicated when the molecule of interest contains more than 1 Se 
atom. The relative abundance has to be calculated for all possible combinations of isotopes 
and is done as follows: the relative abundance of isotope 1 is multiplied with the relative 
abundance of isotope 2, this product is multiplied by the possible positions that can be taken 
by the different isotopes [De Hoffmann E., 1996] (multiply by one for 80Se80Se and multiply by 
2 for 80Se78Se since 80Se78Se and 78Se80Se give the same result). In these calculations the 
contribution of the carbon isotopic pattern is negligible. The sum of the masses of the 
isotopes can be gathered by combination of different isotopes (e.g. 80Se78Se and 82Se76Se 
lead to the same mass) and hence all possible combinations are to be taken into account. In 
Table 3.3 the relative abundances and all possible combinations of the isotopes for a 
molecule containing 2 Se-atoms is given. 
 
Table 3.3: Relative abundance of the isotopes for a compound containing 2 Se-atoms. 
 
Mass Possible combinations Relative abundance (%) 
164 82Se82Se 0.762129 
162 80Se82Se 8.661906 
160 78Se82Se, 80Se80Se 28.761763 
159 77Se82Se 1.332198 
158 80Se78Se, 76Se82Se 25.220596 
157 77Se80Se 7.570486 
156 74Se82Se, 78Se78Se, 80Se76Se 15.102437 
155 77Se78Se 3.627302 
154 80Se74Se, 77Se77Se, 76Se78Se 5.919725 
153 77Se76Se 1.429862 
152 76Se76Se 1.301075 
151 74Se77Se 0.135814 
150 74Se76Se 0.166786 
148 74Se74Se 0.007912 
 
In Figure 3.11 a schematic representation of the expected isotopic profile of a compound with 
2 Se-atoms is presented (lower left). The theoretical values are compared to the results of a 
real sample: a Se-Cystine standard (NH2(COOH)CHCH2SeSeCH2CH(COOH)NH2). The 
upper spectrum is a full ESI-MS spectrum of the compound. The spectrum in the lower right 
part represents an enlargement of the masses of the molecular ion measured in the 
spectrum, revealing the isotopic pattern. This figure clearly presents the ability of ESI-MS to 
recognize the typical isotopic pattern of Se and hence its potential to identify Se-compounds. 
Se-compounds can also be identified with the aid of their S-analogues (main isotope at 32S). 
Analyzing its analogue results in a shift of 48 mass units compared to that of the Se-
compound. Hence S-analogues deliver the same spectrum, with the same fragments, only all 
fragments containing S differ by 48 mass units from those of Se [Rosenberg E., 2003]. 
Apart from the molecular information, ESI-MS in the elemental mode can be used for 
detection of the element. Although not as sensitive as ICP-MS, in ESI-MS Se can be 
measured interference free and offers the possibility of immediate species identification 
[Lobinski R., 1997]. 
 
 




































Figure 3.11: Upper part: full spectrum of Se-Cystine; lower left: calculated relative 
abundance of the isotopes for compounds containing two Se-atoms; lower right: enlargement 
of the isotopic pattern detected in the full spectrum of Se-Cystine. 
 
Up to now the use of ESI in elemental speciation has rather been aimed at qualitative than at 
quantitative analysis. Quantification with ESI is quite challenging since it is well established 
that the ESI response of an analyte varies greatly and in a complicated manner. The major 
reasons are the relative solvophobicity, the surface activity [Fenn J.B., 1993], [Tang L., 
1993], gas-phase proton affinity of the compound of interest [Schnier P.D., 1995] as well as 
the composition of the solvent system, solution conductivity, pH [Mansoori B.A., 1997] and 
the presence of concomitant species.  
 




In speciation analysis several separation techniques (liquid chromatography (LC), gas 
chromatography (GC), capillary electrophoresis (CE), gel electrophoresis) have been 
employed to distinguish between the different species. Sometimes multidimensional 
separation schemes are applied since samples might be very complex. Of all the separation 
techniques, LC is by far the most popular in the speciation analysis of Se.  
 
 
3.4.2 Liquid chromatography 
 [Meyers V., 2000], [Niessen W.M.A., 1999], [Robards K., 1994] 
 
3.4.2.1 Principle and theory 
 
In liquid chromatography (LC) compounds are separated by selective distribution between a 
liquid mobile phase and a stationary phase. An LC system basically consists of a pump 
delivering the eluent, an injector, injecting the sample into the mobile phase stream (t0 in Fig. 
3.12), a column where the separation takes place; and a detector. As the compounds in the 
sample come into contact with the stationary phase (which is actually a bed of porous 
particles with a particle size of 3-10 µm), they start to distribute over both phases according 
to their affinity for the phases (t1-t2 in Fig. 3.12). The separated species reach the detector 
(UV, MS, HG-AFS,…) and the resulting chromatogram is generated. In Figure 3.12 a 
schematic overview of the principle is given, the different parts of an LC system are indicated 

































Figure 3.12: Schematic overview of the LC instrumentation and principle. 
 
The various LC techniques are classified according to the distribution mechanism applied for 
separation. The main modes are: normal phase, reversed phase, ion exchange, ion pairing, 
size-exclusion chromatography and affinity chromatography. The methods used throughout 
this study are discussed in more detail later on.  
The aim of a separation is to obtain well resolved peaks in a minimum of analysis time. Peak 
broadening takes place in the chromatographic elution process and determines the 
chromatographic resolution. The resolution of the system needs to be optimized by adapting 
the appropriate parameters. The resolution in a chromatographic system can be expressed 
as: 
 
Rs = 2(tr2-tr1)/(wb1 + wb2)     (eq. 3.1) 
 
or                                        (eq. 3.2) 
 
in which tr and wb are the retention time and peak width at baseline of the respective peaks 
(indicated in the chromatogram of Fig. 3.12), N the plate number, α the selectivity factor (or 
column selectivity) equalizing the ratio of retention of two peaks and k the capacity factor. 
Hence, chromatographic resolution can be enhanced by elevating the plate number (N=L/H 
with L length of the column and H the plate height), this by using a longer column or by 
reducing H. The plate height is a function of the linear velocity (u) and is represented in the 
following equation (Van Deemter equation): 
 
H= A + B/u + (Cs + Cm)u     (eq. 3.3) 
 
with A: eddy diffusion, B: longitudinal diffusion, Cs and Cm: resistance to mass transfer in the 
stationary and in the mobile phase, respectively. In order to obtain maximum resolution, the 
plate height should be kept to a minimum. The contribution of all terms is schematically 
represented in Figure 3.13. Eddy diffusion is caused by the fact that when a zone migrates 
through a packed bed, the individual flow paths of the molecules differ around the particles 
leading to zone broadening as illustrated in Figure 3.13. The B term is related to the diffusion 
coefficient in the mobile phase (Dm). At practical flow rates, the B-term is to be neglected in 
LC. The C term describes the resistance to mass transfer in both the mobile phase and the 
stationary phase and finds its origin in the fact that the applied flow rate is such, that 
equilibrium distribution of the analyte can not be established between the two phases (e.g. at 
the front of the analyte zone the mobile phase meets fresh stationary phase, equilibrium is 
not instantaneous so some analyte molecules are carried further away than expected). This 
is schematically represented in Figure 3.13. The Cm term is inversely related to the diffusion 
coefficient and hence makes it an important factor in the Van Deemter equation. Moreover, 
the diffusion coefficient in a liquid is directly related to temperature and viscosity of the 
mobile phase. 
A Van Deemter plot (Figure 3.14) is a graph in which the plate height is set out as a function 
of the linear velocity (u). These plots, showing the contribution of A, B and C to H, can be 
used either to minimize H and to search for the fastest mobile phase velocity with still 
acceptable values of H. 
Changing conditions in order to elevate resolution via the capacity factor is only valid in a 
certain range. Since k is proportional to the distribution coefficient, it depends on the 
interaction of the analyte with the 2 phases. In LC, k can be altered by changing the 
Rs = 
N1/2 α-1   k
4      α k+1   
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3.4.2.2 Reversed phase chromatography 
  [Meyers V., 2000], [Robards K., 1994] 
 
Reversed phase LC and ion pairing LC were the methods mainly used in this study due to 
the nature of the compounds of interest. Size exclusion chromatography will be briefly 
discussed as this mode was used in some applications for sample-clean up.  
Reversed phase LC (RPLC) is nowadays the most common method. This separation mode 
uses a non-polar stationary phase and a polar mobile phase. This makes it suitable for the 
analysis of polar and ionogenic compounds. The stationary phase, typically C18 or C8, 
consists of chemically bounded functionalities onto the packing substrate (usually silica). Due 
to the large groups, many silanol groups become sterically hindered and the free silanol 
groups can interact with the compounds, leading to other separation mechanisms. Therefore, 
the free silanol functions are end-capped by a second derivatization or shielded sterically. On 
the other hand, the silanol activity can be interesting when very polar compounds are to be 
separated. Apart from this type of columns, polymeric reversed phase columns exist, having 
a broader operating pH range and showing a different selectivity. The retention of the 
compounds in RPLC are based on hydrophobic interactions. The more polar the compound 
is, the less it is retained on the column. The more C atoms present on the stationary phase 
the longer the retention times. The eluent generally consists of mixtures of water (the 
weakest eluent) or an aqueous buffer and of an organic modifier (methanol, acetonitrile,…). 
The percentage of organic modifier is the most important factor in the retention of non-ionic 
substances. The stronger the retention the more organic modifier is needed to elute the 
compound. The retention mechanism is complex and should be seen as a combination of 
partition and adsorption. The solvophobic theory offers the most valid interpretation for the 
RPLC mechanism. This theory assumes that the analyte binds to the stationary phase, which 
then reduces the surface area of the analyte exposed to the mobile phase. Due to this 
solvent effect the analyte is sorbed. Hence, the analyte is retained more by interaction with 
the mobile phase than with the stationary phase and thus the mobile phase selectivity plays 
a greater role [Horvath C., 1977], [Snyder L.R., 1988].  
 
3.4.2.3 Ion pairing liquid chromatography 
 
Apart from pure reversed phase conditions, ion pairing agents can be used in order to form 
an ion pair with ionized compounds, which can not be separated under pure reversed phase 
conditions. The overall separation principle is the same as in reversed phase 
chromatography in that the stationary and mobile phase are basically the same, with the 
exception that the mobile phase contains an additive capable to interact with the compounds 
of interest. An appropriate ion pairing agent should have a charge opposite to the one of the 
ionogenic species. The charge should not be influenced by the pH, the ion pairing reagent 
should be hydrophobic enough to permit interaction with the stationary phase and it should 
be compatible with the mobile phase components and the detector system (§ 3.5.4). Anionic 
compounds are usually separated by using a strong base cation (tetraalkylammonium ions). 
For the separation of cationic species, alkanesulfonates are applied.  Two mechanisms have 
been proposed in ion pair chromatography. One is the ion pair model in which it is supposed 
that the analyte forms an ion pair with the ion pairing agent and this neutral ion pair is then 
subject to interaction with the column and it is, hence, the nature of the ion pairing agent 
which determines the chromatographic behaviour of the analyte. Retention relies solely on 
the reactions occurring in the mobile phase between analyte and ion pairing agent. An 
increase in elution power of the mobile phase decreases the retention of the ion pair and 
hence the retention time. Figure 3.15a illustrates the use of a positively charged ion pairing 
agent. In the second mechanism it is supposed that there is a dynamic equilibrium between 
the ion pairing agent in the mobile and stationary phases. A constant interchange occurs and 
at every time a certain amount of ion pairing agent interacts with the stationary phase and 
hence the stationary phase caries a charge. When an analyte of the opposite charge is 
introduced, it is retained via the ion-exchange principle, the competing ion is the counter ion 
of the ion pairing agent or any additional ion introduced with the mobile phase (Figure 3.15b). 
Nowadays, it is believed that the mechanism of ion pairing chromatography is a combination 
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Figure 3.15: Different mechanisms in ion pairing chromatography: (a) the ion pairing model, 
(b) the dynamic equilibrium model, (c) overall mechanism. 
 
3.4.2.4 Size exclusion chromatography 
 
Size exclusion chromatography (SEC) is the preferred mode for separation of large 
(bio)molecules. In speciation analyses it is often used in the sample clean-up procedure to 
desalt the sample or to separate the smaller molecules of interest from the larger ones, as 
these may heavily interfere in the analysis. The molecules are separated according to their 
effective size in solution, based on the principle whether they are able to penetrate the pores 
of the packing material filled with mobile phase, or whether they are excluded from them. 
Small molecules are able to penetrate the pores and, hence, they have a higher retention 
time. The larger the molecules become, the less they are able to enter the pores and the 
sooner they elute from the column. The largest compounds are unable to enter the pores and 
hence elute in a volume equal to the interstitial volume of the column. The smallest 
molecules elute with a volume equal to the interstitial volume plus the volume in the pores. 




The recent trend in LC is to miniaturize the columns. For decades, the use of a 4.6 mm i.d. 
column with 5 µm particles and a length of 25 cm was the workhorse in LC. But the onset of 
state-of-the-art MS and the demand for faster analysis made miniaturization a hot topic in 
chromatography. Miniaturization can be regarded as to dimensions of internal diameter, 
length and to particle diameter. Here, only the change of internal diameter will be discussed. 
The internal diameter in LC has no influence on the resolving power of the system (equations 
3.1 and 3.2). It is, however, important in terms of sensitivity and flow rate as is shown in the 
next equation.  
 
(Sensitivity)MC/(Sensitivity)CC = (Flow rate)CC/ (Flow rate)MC= (i.d.)CC2/ (i.d.)MC2  (eq. 3.4) 
 
In this equation, CC stands for conventional column, whereas MC stands for microcolumn. 
The flow rate is dependent on the internal diameter of the column and, hence, miniaturization 
leads to lower consumption of mobile phase (which is also interesting for the hyphenation to 
MS §3.5.4). Furthermore, the internal diameter of the column is inversely related to the 
sensitivity. This is, however, only true when the same amount of sample is loaded. The 
loadability of miniaturized columns is lower than that of the conventional ones and so this can 
only be exploited when small sample volumes are processed. Different terms have been 
introduced in order to classify the different types of columns. Classification and nomenclature 
according to Chervet is given in Table 3.4. 
 
Table 3.4: Classification and nomenclature according to Chervet [Chervet J.P., 1996]. 
 
Column i.d. Flow rate Name 
3.2-4.6 mm 0.5-2.0 ml min-1 Conventional LC 
1.5-3.2 mm 100-500 µl min-1 Microbore LC 
0.5-1.5 mm 10-100 µl min-1 Micro-LC 
150-500 µm 1-10 µl min-1 Capillary-LC 
10-150 µm 10-1000 nl min-1 Nano-LC 
3.4.3 Gas Chromatography 
  
3.4.3.1 Principle and theory 
 
In gas chromatography (GC) the mobile phase consists of a gas, flowing through a column of 
which the stationary phase can either be a solid, a liquid retained on a solid sorbent (packed 
column) or a liquid retained on the column wall (open tubular column). For GC analysis, 
compounds have to be thermally stable and volatile, or volatile after derivatization. The basic 
principle of GC is that the sample analytes are injected and readily volatilized. The carrier 
gas brings the volatilized compounds to the column. The column is embedded in an oven 
and a temperature controlled separation is achieved. Once the compounds have entered the 
column, they are selectively retarded on the stationary phase. They actually partition 
between the mobile and the stationary phase. By elevating the temperature, the higher 
vapour pressure changes this partitioning, bringing the compound into the mobile phase. The 
compounds are in first instance separated according to their boiling point or their molecular 
mass. Finally, they are directed towards the detector. The carrier gas has to be inert and can 
not be adsorbed by the column (He, N2 and H2 are the most commonly used). Several 
injectors are available: gas sampling valves, the split-splitless injectors, on-column injection 
systems, programmed-temperature injectors and concentrating devices. A gas 


















Figure 3.16: Schematic representation of a gas chromatograph. 
 
Concerning the optimization of resolution and the minimization of peak broadening the same 
rules are valid as for LC. However, the A term should be kept out of consideration when 
using open tubular columns, since the stationary phase is deposited directly on the column 
walls. Although the B term in the Van Deempter equation is to be neglected in LC, this term 
becomes very important in GC, due to the high values of the diffusion coefficient in gaseous 
media as was schematically represented in Figure 3.13.  
 
 
3.4.3.2 GC in Se speciation 
 
Gas chromatography for elemental speciation has been applied in combination with several 
detectors: atomic emission detection (AED), ICP-MS and EI- and CI-MS, but remains far less 
popular than the use of LC. GC in combination with ICP-MS has been used for the (chiral) 
separation of Se-amino acids [Vonderheide A.P., 2002] in yeast supplements, in urine 
[Devos C., 2002], [Kresimon J., 2001] and in phytoremediation studies (also GC-MS) 
[Carvalho K.M., 2001],  [Meija J., 2002]. Se in exhaled air has also been studied [Block E., 
1996]. Recently, GC-ICP-MS was used for the study of methylated Se-species in breath after 
ingestion of 77Se-enriched selenite [Kremer D., 2005]. In some cases the species were 
volatile enough to be analyzed as such (dimethylselenide, dimethyldiselenide). In case of, for 
instance, amino acids, derivatization was needed prior to analysis. In the identification of 
compounds, GC-ICP-MS or GC-AED and GC-MS have been combined. Analysis of Allium 
plants revealed the presence of several volatile selenium compounds [Block E., 1996] 
(Chapter 4). These methods are, however, not amenable to the analyses of peptides and 
proteins due to their thermal lability.  
 




On-line systems give faster results compared to off-line modules. They not only reduce the 
analysis time, but also diminish the risk of contamination and losses as no fraction collection 
(including decreased chromatographic resolution) is needed. These facts result in possible 
automation of the technique, less work and lower cost. There are, however, some 
disadvantages too: a compromise has to be found between the separation conditions and the 
conditions required and acceptable for the detection system. In some cases an interface is 
needed, fulfilling the specific requirements of both separation and detection system. 
Interfaces leading to high dead volumes are unacceptable since chromatographic resolution 
is to be preserved. A wide variety of hyphenated or ‘coupled’ techniques have been applied 
for elemental speciation purposes. In conjunction with LC and CE, ICP-MS is by far the most 
widely used elemental detection system, whereas ESI-MS is the one for compound 
identification. Both ICP and ESI ionization modes have been used in combination with a 
broad range of separation techniques and several mass analyzers [Rosen A.L., 2004]. 
Extreme care has to be taken as to the composition of the mobile phase used during 







The principle of LC-HG-AFS is as follows: a solution containing the species of interest (in our 
case: the Se-compounds) is injected in the loop of the LC valve and injected into the flow of 
the mobile phase. This flow passes through the column, where the species are separated 
and at the end of the column fractions are mixed first with acids in order to acidify the sample 
and afterwards with NaBH4 in order to form hydrides. The stream continues to the gas/liquid 
separator where the hydrides are separated from the liquid and directed through the 
membrane dryer into the detector. The hydrides are atomized in the hydrogen flame and the 
fluorescence signal for each of the compounds is monitored after excitation by the Boosted 
Discharge Hollow Cathode Lamp (BDHCL) (Figure 3.1). 
Volatile organic solvents such as hydrocarbons, alcohols and ketones should be avoided 
when measurements with HG-AFS are undertaken. They all have a strong quenching effect  
on the sensitivity of the hydride forming elements and must, hence, be removed prior to the 
analysis. As these solvents are inappropriate, and in case they cannot be avoided, they 
should at least be reduced to a minimum. Presumably, these organic molecules reduce the 
lifetime of the radicals in the atomizer and thus directly influence the atomization of the 
hydride. Furthermore, carbon containing molecules interfere strongly in the determination of 
Se by AFS.  
Several studies were already devoted to the use of LC-HG-AFS for Se-speciation purposes. 
Major problems to overcome were to make the mobile phase compatible with the needs for 
HG-AFS determination and the conversion of all species to Se(IV). The usual procedure to 
convert the species to Se(IV) requires digestion times which are too long to be suitable for 
on-line analysis. The use of a microwave oven incorporated between the LC and HG-AFS 
system allowed to convert Se(VI) to Se(IV) in an acceptable time interval [Pitts L., 1995]. An 
ion-pairing chromatographic method was followed by on-line heating and UV irradiation for 
the breakdown of the compounds to Se(IV) with a mixture of HCl and KBr. With this method, 
Se-Cys and Se-Met were determined in biological samples [Ipolyi I., 2001a]. The same 
research group examined the Se-species in spiked Se-foods and detected Se-Cys, Se-Met 
and Se(IV) [Ipolyi I., 2001b]. Se(IV), Se(VI), Se-Cys and Se-Met were separated and 
detected by applying anion exchange chromatography with a phosphate buffer and UV-HG-
AFS. In this method the organoselenium compounds were first converted to Se(VI) followed 
by reduction of Se(VI) to Se(IV) and subsequent hydride formation and detection. The 
method was validated by analysis of two water certified reference materials in which only 
Se(IV) was detected [Vilano M., 2000]. Reversed phase chromatography was combined with 
HG-AFS in an attempt to detect Se(IV), Se(VI), Se-Cys and Se-Met in water and urine. 
Species conversion was done by the combined use of a KBrO3 - HBr mixture and the use of 
a microwave oven [Gonzalez Lafuente J.M., 1996]. Several other studies were undertaken 
using HCl or HBr, UV or microwave digestion in order to convert the species to Se(IV). It 
was, however, observed that  in many cases when LC was hyphenated to HG-AFS, major 
peakbroadening developed due to the relatively long reaction time of the species with the 
reagents for digestion and conversion to Se(IV) [Gomez-Ariza J.L., 1999], [Pitts L., 1995], 
[Walschlager D., 2001]. An on-line method based on LC-HG-AFS allowing the separation 
and the sensitive determination of several Se-compounds without major peak broadening is 




Ultra-trace species can be detected by LC-ICP-MS in biological and environmental samples, 
even when the element is distributed over a variety of compounds. When coupling ICP-MS to 
LC or capillary electrophoresis, an important consideration is the solvent composition. LC is a 
relatively simple technique to couple with ICP-MS because the eluent flow rate is, depending 
on the column, between 0.1 and 1 ml min-1. These flows are within the uptake range for 
micro to standard nebulizers. In the coupling of LC to ICP-MS, it is the nebulizer which takes 
care of the transition from liquid to aerosol. LC is coupled to ICP-MS by connecting the outlet 
of the column to the inlet of the nebulizer, in which tubing is kept as short and small as 
possible in order to minimize peak broadening and, hence, loss of chromatographic 
resolution [Caruso J.A., 2003]. A schematic presentation of the instrumental set up is given in 



















Figure 3.17: Schematic presentation of LC-ICP-MS. 
 
High concentrations of organic solvents result in instability of the plasma and a build-up of 
carbon residue on the sampling cone. These problems can be alleviated to some extent by 
applying an elevated RF power or a platinum cone. Another possibility is the addition of 
oxygen. When the separation is done using gradient elution, problems may arise as a 
change in solvent alters the plasma temperature, resulting in different ionization efficiencies 
and ion energies.  
High organic mobile phases were proven to be compatible with ICP-MS when miniaturized 
systems were used. Capillary reversed phase LC was coupled to ICP-MS via a sheathless 
interface based on a total consumption micronebulizer, using mobile phases of up to 100% 
organic solvent. This instrumentation was successfully applied for the selenopetide mapping 
of a yeast protein fraction [Schaumlöffel D., 2003]. Mobile phases containing high salt levels 
are also not tolerated. Salt concentrations >2% can result in signal-suppression due to 
increased space-charge effects which defocus the ion beam. Salts also tend to clog the 
central aperture of the torch and cone. Generally spoken, RPLC is not the most interesting 
separation technique to couple with ICP-MS. The sample matrix is also a topic of concern, as 
many biological and environmental matrices contain high amounts of salts [Rosen A.L., 
2004]. ICP-MS is a destructive technique for analyses of species. It serves as an ultra 
sensitive elemental detector, but due to its destructive nature, no structural information is 
gathered. Identification is done, based solely on retention time matching with commercially 
available or synthesized standards. This remains insufficient in the case of extremely 
complex samples, since co-elution is at risk. Problems arise, however, when no standards 
are available and/or unknown compounds need to be identified.  
 
3.5.4 LC-ESI-MS(-MS) 
  [Niessen W.M.A., 1999], [Voyksner R.D., 1997] 
 
A technique that is capable of providing information on the intact molecule is of the utmost 
importance. Hence, the use of soft-ionization methods in combination with separation 
techniques could meet the needs. The coupling of LC to MS was hampered by the fact that 
the MS only accepts gas-phase ions and operates at high vacuum. With the arrival of 
atmospheric pressure ionization (API) (Atmospheric Pressure Chemical Ionization (APCI) 
and ESI) methods, the coupling of LC to MS became straightforward. This combination 
allows the analyses of polar, non-volatile and thermally labile compounds, compounds most 
commonly separated by LC. The recent introduction of Atmospheric Pressure Photo 
Ionization (APPI) allows the ionization of non-polar compounds at low flow rates and it is 
expected that the use of this interface for capillary LC-MS will gain in popularity [Edwards E., 
2005], [Hanold K.A., 2004]. Other interfaces exist (particle beam (PB), thermospray, 
continuous flow fast atom bombardment) , but became of less use, since the introduction of 
API methods. Nowadays, LC-MS has become the favourite tool in many research areas. This 
powerful analytical technique combines the resolving power of LC with the detection 
specificity of MS.  
During this study, a system using an ESI interface was used. The general set-up of an LC-
ESI-MS-MS instrument is shown in Figure 3.18. The outlet of the column is simply connected 
to the electrospray probe (when necessary with a flow splitter after the column or with the 
use of a make-up liquid containing additives, enhancing the ESI process). In this system, a 
Waters Alliance 2690 LC was used in combination with the Quattro Micro triple quadrupole 



















Figure 3.18: Schematic overview of the LC-ESI-MS-MS system. 
 
The major drawback is, however, the fact that additives used in LC are often not compatible 
with the ionization source. Extreme care should thus be taken when selecting the 
chromatographic conditions. The major disadvantages of ESI-MS are its poor detection limits 
and the susceptibility to signal suppression by various factors. The sensitivity can be 
optimized by selecting conditions capable of forming ions in solution, assisting nebulization, 
enhancing desolvation and improving ion-evaporation ionization. These factors can be 
seriously influenced when the solvents and additives in the LC mobile phase are well 
controlled. The use of ion-pairing agents is not recommended since the formation of strong 
ion-pairs neutralizes the molecule of interest, making it unsuitable for ESI-MS determination. 
Although water easily supports the formation of ions in solution it is not the best solvent to be 
chosen, since its surface tension and solvation energy makes the ion desorption more 
difficult than in other (organic) solvents. The pH of the mobile phase should be carefully 
controlled as this is an important factor in the ionization process. The analyte signal can be 
severely suppressed by the complexity of the matrix. The presence of salts, whether in the 
sample or in the mobile phase, have shown to suppress the signal [Casiot C., 1999], [Gangl 
E.T., 2001]. A way to overcome this is extensive sample clean-up prior to analysis, but this 
does not guarantee the removal of all interfering compounds. Most elemental speciation 
studies, with the aim of species identification used (chromatographic) purification steps prior 
to ESI-MS(-MS) analyses. Constituents that cause background ions, suppress ionization or 
give rise to several adducts (Na- and K-adducts), should be removed (e.g. desalting) prior to 
analysis in order to get a better performance. Another solution is the use of lower flow rates 
(up to the nl min-1 range) leading to increased desolvation, ionization and ion transfer 
efficiency. This so-called nano electrospray is also more tolerant towards samples containing 
high amounts of salts [Juraschek R., 1999]. 
The LC flow rate is another concern in hyphenating LC to ESI-MS. Conventional LC typically 
operates at flow rates of 1 ml min-1, while ESI is limited to low flow rates (ideally 5-10 µl min-1 
for optimal ion formation). The use of nebulizer gas (§ 3.3.2.2.3) allows ESI to operate at flow 
rates of up to 0.2 ml min-1. In the case of higher flow rates, a post-column flow splitter is 
used, resulting in a loss of sensitivity (Chapter 6, § 6.6.1).  
Different chromatographic separation techniques can be coupled to ESI-MS. The key to 
successful analyses is the right choice of chromatographic conditions, leading to optimal ESI-
MS performance. Reversed phase, size exclusion, ion pair (under certain conditions) and 
immunoaffinity chromatography are the most suitable modes to use in combination with ESI-
MS. The use of ion exchange, normal phase and hydrophobic interaction chromatography 
can severely limit the performance of ESI-MS. The suitability of an ion pairing separation for 
combination with ESI-MS depends upon the volatility of the ion pairing additive and the 
strength of the ion pair formed. Studies on the use of additives in the analyses of proteins 
showed lower limits of detection in the following order: formic acid <  acetic acid < TFA 




Gas chromatography is highly suited for coupling with mass spectrometry, since compounds 
are already in the gas phase. The ionization of the gaseous molecules can be done either by 
electron impact or chemical ionization. In contrast to LC-MS, GC-MS did not find widespread 
use in Se-speciation up till now. The fact that GC-MS is limited to volatile species or species 
that can be derivatized in order to form volatile and thermally labile compounds, has 
restricted its use. The method has been reported in case of the quantification of Se-
Methionine (Chapter 4) [Yang L., 2004a, b]. Other applications are the determination of 
seleno-amino acids [Iscioglu B., 2004] and the presence of volatile organoselenium species 
in yeast and fish [Dietz C., 2003, 2004]. Selenite has been determined in drinking water with 
GC-MS [Guidotti M., 2000]. Many Se-compounds are thermally labile and, hence, are not 
suitable for GC analyses. GC and LC can be used as complementary techniques to map all 
the different forms of Se. 
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The importance of Se-speciation was already discussed in Chapters 1 and 2. The 
identification and quantification of the elemental species of Se is crucial in the understanding 
of the Se-metabolism and of their considerable role in biology, toxicology, clinical chemistry 
and nutrition. The development and application of state-of-the-art analytical methodology will 
be elaborated in this chapter. 
As was stated recently by Francesconi and Sperling: speciation analysis should meet three 
criteria. The analysis should concentrate on species of toxicological and/or metabolic 
importance. The analysis should account for all of the element in the sample, no matter what 
properties the form has. Last but not least, the method should ensure that the species are 
identified correctly [Francesconi K.A., 2005]. It should be mentioned that the criteria for 
species identification in speciation analysis are less strict than those described for residu 
analysis in commission decision 2002/657/EC (implementing council directive (96/23/EC) 
from the European Commission [EC, 2002]. The quest for molecular information of the 
species has become a challenging task for analytical chemists. The impact of the species on 
environmental chemistry, health, toxicology, nutrition, pharmaceutical and energy-related 
industries has made this issue of primary concern. During the last two decades, analytical 
chemists have performed major efforts to meet the needs of speciation analysis. Elemental 
detection became more sensitive and, hence, more compounds were detected. As elemental 
detection is far from sufficient in order to completely characterize a compound, molecular 
mass spectrometry became the issue. The major disadvantage of the latter technique 
remains its low sensitivity, resulting in major problems for species identification. While 
elemental mass spectrometry lacks the specificity, molecular mass spectrometry lacks the 
sensitivity, combining both, results in a ‘dream team’ for elemental speciation analysis.  
This chapter deals with the use of several analytical techniques, both hyphenated and in 
stand-alone mode, for elemental speciation purposes, and more particularly Se-speciation in 
a diversity of matrices (food, urine, blood, tissues). 
 
4.2 Overview of analytical methodology 
 
All techniques and combinations applied during this work, were discussed in Chapter 3. In 
Figure 4.1 a schematic overview is given of the currently most used coupled techniques in 
the world of elemental speciation. Techniques used in this work are highlighted.  
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Figure 4.1: Schematic overview of hyphenated techniques used in speciation analyses. 
Abbreviations are listed in Appendix I. 
 
The low concentrations of the elemental species require very sensitive detection methods. In 
order to distinguish the different species over which the element is divided, combination of 
separation of the species, followed by elemental detection is necessary. Since elemental 
detection lacks the ability to give molecular and structural information of the compounds, 
separation techniques also need to be coupled to molecular mass spectrometry. The 
versatility of analytical tools, nowadays available, results in a broad choice of techniques 
applicable in speciation analysis of Se. Substantial progress has already been made in the 
unravelling of the selenium puzzle. When volatile compounds are expected, gas 
chromatography (GC) has often been applied, coupled to either elemental or molecular mass 
spectrometry. Materials of which only a tiny amount of sample is available are mainly 
analysed by hyphenated techniques based on capillary electrophoresis (CE). Because of the 
low volatility of most of the Se species present in biological materials, the use of LC is the 
most attractive technique. So far, the most popular combinations are liquid chromatography 
(LC) coupled to Inductively Coupled Plasma Mass Spectrometric (ICP-MS) detection and LC 
coupled to molecular mass spectrometry. 
The parallel use of several separation and characterization methods has gained in popularity. 
The low concentration of the compounds and the complexity of the matrix have made this 
topic of interest for a more complete validation of the elemental speciation [Uden P.C., 2004]. 
The combined use of LC and GC separation can result in more information than gained by 
use of either of the techniques alone. The choice of separation technique is dependent on 
the physicochemical properties (polarity, volatility, charge) of the compounds, whereas the 
detection method is determined by the level of analyte. 
The key criteria for undisputable identification of a compound are: 1) retention time matching 
of the compound in case of elemental detection, molecular detection or both; 2) co-
chromatography with a standard in one or more chromatographic systems with elemental 
detection, molecular detection or both, 3) separation of species and measurement with both 
elemental and molecular detection (without the need for a standard) [Francesconi K.A., 
2005]. The following paragraphs describe the analytical methodology as documented for the 
speciation of Se in the matrices studied in this work.  
 




Of all selenium speciation studies done, the analysis of yeast and yeast supplements is by 
far the most popular. Cereals and forage crops convert the Se mainly to Se-Met, which is 
incorporated into proteins. In a similar way Saccharomyces cerevisiae can assimilate up to 
3000 µg Se g-1 as selenite during its growth. The inorganic form is then converted to a safer 
and more bioactive form with improved nutritional capabilities, mainly Se-Met [Casiot C., 
1999]. The variability of Se-content and Se-species as well as the lack of knowledge about 
the identity of the species remain problematic in Se-yeast [Goenaga Infante H., 2005]. It is 
therefore of great importance to characterize and quantify these species in selenized yeast, 
not the least to efficiently control the composition of the supplements and the batch to batch 
reproducibility. The overall production of Se-supplements urgently needs control. Several 
reports have already been devoted to a plea for analytical methodologies so that these 
supplements can be controlled in terms of quality, effectiveness and safety [Sherma J., 
2003]. The efforts made for characterization of the Se-species can be subdivided in the 
analysis of macromolecules (peptides and proteins) and of small molecules.  
 
4.3.2 Techniques for the speciation analysis of dietary supplements 
 
Se-supplements have been analysed by a diversity of analytical methodologies. The most 
extensively used combination for this purpose is LC-ICP-MS (§ 3.5.3), by which several Se-
species have been detected. Apart from this, LC-HG-AFS was used for elemental detection 
of Se in the ‘nutraceuticals’ for the detection of selenite, Se-Cys and Se-Met. The 
chromatographic conditions (use of a phosphate buffer) applied for this method did, however, 
not allow the use of molecular mass spectrometry [Gomez-Ariza J.L., 2004], [Viñas P., 2005]. 
In recent years, the combination of LC-ICP-MS and molecular mass spectrometry has gained 
in interest [Polec-Pawlak K., 2005]. 
Capillary electrophoresis combined with ICP-MS has been used in only a limited number of 
publications on Se-speciation in nutritional supplements. Se-Met, Se-MeSeCys, TMSe+ and 
Se-MeSeMet were detected in the electropherograms by standard addition [Bendahl L., 
2004].  
The main findings are summarized in the paragraphs hereafter: analysis of high molecular 
mass compounds (§ 4.3.3) and analysis of low molecular mass compounds (§ 4.3.4). 
 
4.3.3 Analysis of high molecular mass compounds 
 
(Hot)-water extraction has been used for the analyses of both high and low molecular mass 
compounds. For the determination of the compounds bound to the cell-wall, cell-wall 
degrading enzymes were used. Membrane proteins were liberated by leaching with sodium 
dodecylsulphate (SDS) [Polatajko A., 2004]. 
Several strategies were followed to characterize the Se-proteins in yeast. Chéry et al. used 
2-dimensional gel electrophoresis (2D-GE) after protection of the Se moiety with 
iodoacetamide. This step appeared to be necessary for the separation of the Se-proteins. 
Preliminary investigations with yeast radioactively labelled in vivo with 75Se allowed to 
develop the methodology. The 75Se was detected in the spots by autoradiography [Chéry 
C.C., 2001]. A total Se-chart was achieved. Further research focused on the application of 
laser ablation (LA)-ICP-MS equipped with a dynamic reaction cell (DRC) for the detection of 
Se in the spots. Up to 10 Se-containing proteins were determined. The use of 2 different MS 
techniques: ion-trap MS and time-of-flight MS enabled the characterization in terms of 
molecular mass determination. This way, up to 10 proteins were characterized with a mass 
between 9 and 20 kDa [Chassaigne H., 2004]. This approach is interesting to establish a 2D 
reference map for Se-containing proteins in yeast and for unravelling the Se-yeast-proteome. 
A schematic overview of this approach is given in Figure 4.2. Future research on the 








Figure 4.2: Schematic overview of the analytical approach of Chéry and Chassaigne for 
unravelling the Se-proteome.  
 
The work of Encinar et al. concentrated on a systematic approach in the analysis of Se-
compounds (both low and high molecular mass) and is depictured schematically in Figure 
4.3. The Se-compounds were successively extracted according to whether they are water 
soluble, insoluble and protein bound or polysaccharide bound [Encinar J.R., 2003a, b, c], 
[Polatajko A., 2004]. All fractions were analysed by size exclusion chromatography in 
combination with ICP-MS (SEC-ICP-MS). The Se-rich fractions were pooled and submitted 
to tryptic digestion. The peptides formed were separated by reversed phase LC and detected 
by ICP-MS. The fractions of interest were analysed by MALDI-TOF-MS in order to get 
accurate mass determination of the peptides after tryptic digestion in the water soluble 
fraction of the yeast. The target ions were selected for collision induced dissociation with 
ESI-MS-MS in order to determine the sequence of the peptides [Encinar J.R., 2003c]. The 
sequences of the different peptides were submitted to a database search after substitution of 
the Se mass by the S mass. The peptides identified in the water soluble fraction are 
mentioned in Figure 4.3. This approach allowed the identification of Se-containing proteins 
resulting from the replacement of Se-Met by 2-9 Methionine residues in a salt or stress-
induced protein SIP18 (Mr 8874), which was in accordance with the fact that the yeast was 
grown in a salt rich medium. The presence of the protein was confirmed in the original 
protein fraction with MALDI-TOF-MS analyses. Another Se-protein identified was a heat-
shock protein HSP12 (Mr 11693) containing only one Methionine residue which was now 
replaced by Se-Met. These two proteins accounted for 95% of the total Se in the water 
soluble protein fraction [Encinar J.R., 2003b]. (A table with the amino acids and their 
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Figure 4.3: Schematic overview of the analytical approach followed by Encinar et al. to 
unravel the Selenoproteome in yeast. 
4.3.4 Analysis of low molecular mass compounds 
 
Leaching the Se-compounds from the proteins is mainly done by use of enzymes [Diaz 
Huerta V., 2003], [Dumont E., 2004], [Larsen E.H., 2004] and to a lesser extent by acid 
digestion [Uden P.C., 2002]. Recent research recommended the use of ultrasonic probe 
proteolytic extraction (especially in the case of protease XIV and subtilisin) for liberation of 
these species, due to the ease of use, the reduced risk of species transformation and the fast 
release of the compounds of interest [Capelo J.L., 2004]. Of all the methods that have been 
applied to liberate the Se-species from their matrix, enzymatic digestion has proven to be the 
most efficient (55-85%) for total Se recovery [Goenaga Infante H., 2005]. Methanesulfonic 
acid and cyanogen bromide were also used, but none of them seemed to be as efficient as 
the enzymatic approach [Wolf W.R., 2001], [Yang L., 2004]. The main focus in yeast was on 
Se-Met. Although several attempts were made to develop a simple procedure, the 
identification of this compound always needed cumbersome procedures based on LC-ICP-
MS and off-line ESI-MS-MS, with the risk of species transformation and species loss. As was 
stated previously, the use of an on-line methodology would be a great asset for the 
speciation studies in yeast and other matrices. Uden et al. detected Se-Met in a yeast 
extract, by combining LC-ICP-MS and LC-ESI-MS. Only the molecular ion could be detected 
and the identification was based solely on retention time matching with an authentic standard 
and the molecular ion [Kotrebai M., 1999]. The chirality of Se-Met in yeast was examined by 
separation of a yeast extract on a β-cyclodextrin LC column with ICP-MS detection [Mendez 
S.P., 2001]. The authors compared their method to other methods for chiral speciation (§ 
4.3.5 volatile species). In this work a method is presented for the on-line identification of Se-
Met in yeast-based supplements (Chapters 5-6) [Dumont E., 2004, 2005].  
Some other minor compounds have been detected in the extracts as well. Se-MeSeCys, Se-
(Cys)2, selenite, γ-glu-Se-MeSeCys, Se-cystathionine and Se-lanthione were detected by 
LC-ICP-MS and their ‘identification’ was based solely on retention time matching. Verification 
of these species by molecular mass spectrometry was impossible due to their low 
concentration. Goenaga Infante et al. recently reported on the presence of Se-MeSeCys in a 
yeast extract. After extensive sample clean-up, this species was detected by ion-pairing 
reversed phase LC-ICP-MS and the same chromatographic conditions were applied for the 
separation of the species prior to on-line ESI-MS-MS detection. Hence, Se-MeSeCys was 
detected on its molecular ion and its product ions, which proved positive for the presence of 
this compound in yeast [Goenaga Infante H., 2004]. Se-adenosylhomocysteine and Se-
adenosylmethionine were demonstrated in yeast extracts by LC-ICP-MS by spiking of the 
sample with synthesized standards [Wrobel K., 2002].  
McSheehy et al. used size exclusion chromatography and ICP-MS to elucidate Se-Met and 
Se-adenosylhomocysteine, besides the presence of three new Se-species with molecular 
masses: 562, 584 and 603 u. By use of ESI-Q-TOF-MS-MS they identified in these 
compounds a Se-S bridge between the glutathione moiety and a Se-compound. Later on, 
using ESI-Q-TOF-MS-MS, the same authors demonstrated that Se-compounds with an 
adenosyl moiety in their structure were present in the yeast extracts. A compound of mass 
372 in which a glutamine moiety was attached to a Se-compound was also detected 
[McSheehy S., 2001, 2002]. 
Non-peptide Se-compounds in selenized yeast were isolated by size exclusion 
chromatography and analyzed and identified. Post-source decay (PSD) was compared to 
orthogonal quadrupole collision cell dissociation in terms of their ability of fragmenting and 
giving structural information. PSD allowed the imidiate recognition of the Se isotopic pattern, 
the tandem mass spectra obtained with orthogonal MALDI-Q-TOF gave the same fragment 
information, although sensitivity was less. The analyses revealed the presence of an 
unknown Se-compound with an m/z of 388 [Encinar J.R., 2004a]. 
Selenodiglutathione (GS-Se-SG) and the mixed selenotrisulfide of glutathione and 
cysteinylglycine (GS-Se-SCG) were identified in a water extract of selenized yeast. This was 
done by a method consisting of two-dimensional chromatography (size exclusion 
chromatography, preconcentration and subsequent separation on a porous graphitic carbon 
LC column), ICP-MS and nano-electrospray tandem mass spectrometry. This way, the 
characteristic Se isotopic pattern was detected at m/z 693,1 and 564,0 for the 80Se (the most 
abundant isotope: Table 3.2). By collision induced dissociation the 2 compounds were 
identified as GS-Se-SG and GS-Se-SCG [Lindemann T., 2002].  
 
4.3.5 Analysis of volatile species 
 
Although it is mainly LC which has been used for the separation of the extracted Se-species, 
some applications of GC are also mentioned for the determination of volatile species or of 
species which can be readily derivatized and, hence, converted into compounds suitable for 
GC analysis. Enzymatic extracts of yeast  were derivatized by ethylchloroformate to produce 
volatile ethylated species, which were determined by GC-AED. The main species detected 
was Se-Met, while S-(methylseleno)Cys was present to a lesser extent [Block E., 2004], 
[Kahakachchi C., 2004]. The same derivatives were also analysed by GC-MS [Icioglu B., 
2004]. Chiral separation by capillary gas chromatography (CGC) in combination with ICP-MS 
revealed the presence of mainly L-Se-Met in a yeast based preparate [Devos C., 2002]. D-
Se-Met was only marginally present. Volatile alkyl selenides were analysed by solid phase 
micro extraction (SPME) in combination with multicapillary GC-microwave induced plasma 
emission spectroscopy (MIP-AES). At least seven compounds were distinguished of which 
dimethyldiselenide was the predominant species [Dietz C., 2004a]. 
 
4.3.6 Quantification of Se-compounds in yeast 
 
The most extensively studied compound in selenized yeast is without doubt Se-Met. 
Attempts for quantification have been made by several research groups. Reyes et al. used a 
77Se-enriched Se-Methionine spike and yeast grown on a 77Se-enriched culture medium 
followed by isotope dilution analysis with LC-ICP-MS to find the optimum conditions (culture 
media, amount of Se added, amount of carbon source, harvest time) for Se-incorporation 
[Reyes L.H., 2004]. Devos et al. and McSheehy et al. liberated the Se-Met (and Met) by acid 
hydrolysis from the yeast matrix and quantified it by LC-ICP-MS using standard addition 
experiments as well as isotope dilution based on species-specific 13C-enriched spikes. The 
amount of Se-Met comprised 79% of the total Se extracted and 63.9% of the total Se present 
in the yeast [Devos C., 2002], [McSheehy S., 2005]. Other groups found 68% recovery of Se 
as Se-Met [Diaz Huerta D., 2003]. Se-Met was also quantified in a yeast candidate reference 
material by species-specific isotope dilution GC-MS by use of 74Se-enriched Se-Met and 13C-
enriched Se-Met. The Se-Met concentrations were highly dependent on the extraction 
procedures. Of the fourteen extraction procedures tested, the one with methanesulfonic acid 
was proven to be the most successful. Between proteolytic digestion procedures, the one 
with Protease XIV gave results in good agreement with the methanesulfonic acid one (3334 
µg g-1 +/- 39 µg g-1 for protease XIV versus 3404 µg g-1 +/- 38 µg g-1 for methanesulfonic acid 
reflux) [Yang L., 2004]. 
Following on the work of Encinar, a peptide (Asp-Tyr-Se-Met-Gly-Ala-Ala-Lys) was 
determined directly in a tryptic digest by species-specific isotope dilution. A 77Se-labeled 
peptide was purified by 2D-LC (two-dimensional liquid chromatography) from yeast grown on 
a 77Se-enriched culture and quantified by reverse isotope dilution analyses. The sample 
mixed with the 77Se-labelled peptide spike was analysed by capillary LC-ICP-collision cell MS  
[Polatajko A., 2005]. 
 
4.4 Se-speciation in Brazil nuts 
 
Brazil nuts have been a hot topic in speciation from the moment they became renown as 
good sources of Se. Studies on other nuts revealed that it was only this nut that contained 
such high amounts of Se [Kannamkumarath S.S, 2002]. Nevertheless, studies on Brazil nuts 
are not as numerous as those for the supplements. Both low and high molecular mass 
compounds were examined. Results obtained with size exclusion chromatography-ICP-MS in 
the absence of hydrolyzing agents revealed that approximately 12% of total Se was weakly 
protein bound, the rest was firmly bound to proteins. The proteins were enzymatically 
hydrolyzed in order to liberate the firmly bound Se-species. The extracts were then analyzed 
by ion-pairing LC-ICP-MS and the primary compound co-eluted with a Se-Methionine 
standard [Kannamkumarath S.S., 2002]. After defatting, several procedures were tested to 
extract Se from the Brazil nut matrix. Both microwave and enzymatic digestion procedures 
were examined of which enzymatic hydrolysis with proteinase K was shown to be the most 
effective. Residual proteins were removed afterwards in order to clean-up the extract to 
some extent. LC-ICP-MS analysis revealed the presence of 4 Se-containing compounds. 
The largest compound was attributed to Se-Met by retention time matching, the other 
compounds did not co-elute with known species. These compounds were examined for the 
presence of volatile Se-species and of S-Se or Se-Se bridges, but without any results. 
Fractions of the unknown peak were collected, preconcentrated and finally analysed with 
ESI-MS. One of the compounds was examined via off-line ESI-MS(-MS) (Q-TOF instrument) 
analyses and was shown to have a molecular mass of 360, showing the typical isotopic 
pattern of Se. By application of collision induced dissociation there was evidence for this 
compound to be a dipeptide consisting of the amino acids: tyrosine and Se-Methionine 
[Vonderheide A.P., 2002]. 
Attention was also paid to the distribution of Se in the protein fractions of the nut. Nut 
proteins were separated from each other on the basis of their affinity for different solvents. 
After enzymatic hydrolysis of the proteins, the amino acids were analysed by an ion-pairing 
LC-ESI-MS-MS method. The compounds thus identified were: Se-Methionine and Se-
Cystine, enzymatically liberated from the proteins [Chunhieng T., 2004a, b]. 
Recently, Kannamkumarath et al. studied the association of Se to the nut-proteins by using 
five different extraction procedures. The proteins were separated by size exclusion 
chromatography and monitored by UV detection, meanwhile the Se was measured by ICP-
MS. The apparent molecular masses of the fractions containing Se were: 107 and 50 kDa. 
Further information was gathered by enzymatic digestion of the proteins of interest and 
analyses with capillary electrophoresis-ICP-MS. The main compound in the 
electropherogram co-eluted with a Se-Met standard [Kannamkumarath S.S., 2005]. 
In this work a method is presented to identify the Se-species in Brazil nuts by on-line 
methods combining elemental and molecular mass spectrometry. It will be shown in Chapter 
7 that the method can be used not only for quality control, but also for monitoring and 
identifying Se-species in different types of food. The method can be of great help in the 





4.5 Se-speciation in Se-accumulators 
 
4.5.1 The Allium genus 
 
As garlic contains many volatile species, gas chromatography (GC) in combination with 
atomic emission detection (AED) and mass spectrometry (MS) has been extensively used in 
several studies. GC-AED was applied for the detection of the Se-volatiles in highly enriched 
garlic. Eight compounds were detected: dimethyl selenide, methanesulfenoselenoic acid and 
its methyl ester, dimethyl diselenide, bis(methylthio)selenide, allyl methyl selenide, 2-
propenesulfenoselenoic acid methyl ester and (allylthio)-(methylthio) selenide. The structures 
were established by mass spectrometry through comparison with synthesized standards [Cai 
X., 1994]. The same approach was used for the speciation of Se-species in human breath 
after the consumption of Se-enriched garlic. The major compounds found were: dimethyl 
selenide, allyl methyl selenide, methanesulfenoselenoic acid methyl ester, 2-
propenesulfenoselenoic acid methyl ester and dimethyl diselenide [Cai X., 1995]. Another 
research group separated and detected dimethyl selenide and dimethyl diselenide by 
combining solid phase micro extraction (SPME) to Inductively Coupled Plasma Mass 
Spectrometry [Dietz C., 2003]. Other compounds reported by this group using SPME-
moderate temperature multicapillary GC with microwave induced plasma emission 
spectrometry were diethylselenide and 3 so far unknown compounds [Dietz C., 2004b]. 
Headspace-GC-AED was applied for the determination of volatile Se-compounds in highly 
enriched garlic (1355 µg g-1). Furthermore, Se-MeSeCys was shown to be the major Se-
amino acid together with minor amounts of Se-Cys and Se-Met [Block E., 1996]. Most 
analysis on Se-species in garlic were done by combination of liquid chromatography with 
elemental and molecular mass spectrometric detection. LC-ICP-MS was used to detect 
several Se-species in both garlic and onion grown on Se-enriched soils. The authors stated 
that there was evidence for Se-“alliins” to be present in accordance to sulfur compounds 
occurring in garlic and onions although molecular information was lacking [Auger J., 2004]. A 
method based on the use of several ion pairing agents was used in combination with ICP-MS 
to separate Se-species in Se-enriched garlic. Se-MeSeCys and γ-glu-SeMeSeCys were 
identified based on retention time matching with commercially available and synthesized Se-
standards [Kotrebai M., 2000a]. The presence of a compound of mass 326 u was attributed 
to γ-glutamyl-SelenoMethylSeMethionine without the application of a standard and without 
any further molecular information [Kotrebai M., 1999]. Another method based on ion 
exchange liquid chromatography combined with elemental mass spectrometry revealed the 
presence of Se-Cys, Se-MeSeCys, Se-Met and 2 inorganic Se-species: selenite and 
selenate. Furthermore, two so far unknown compounds were observed [Ge H., 1996]. By 
hyphenation of an ion pairing liquid chromatographic method to ICP-MS, Ip et al. were able 
to detect selenate, Se-Cystine (Se-(Cys)2), selenocystathionine, Se-MeSeCys, Se-Met,  γ-
glutamyl-Se-MethylSelenocysteine (γ-glu-SeMeSeCys) and γ-glutamyl SeMethylSeleno-
Methionine in a garlic extract (296 µg g-1). Structural information on the Se-standards Se-Met 
and γ-glu-SeMeSeCys was gathered by liquid chromatography in combination with 
electrospray ionisation mass spectrometry (ESI-MS). By measuring at the m/z of the 
corresponding species, Se-Met and γ-glu-SeMeSeCys were detected by LC-ESI-MS in a 
garlic extract [Ip C., 2000]. Using the same approach Se-Met, Se-MeSeCys and γ-glu-
SeMeSeCys were detected in a highly enriched-garlic extract (with garlic containing 1355 µg 
Se g-1) [Kotrebai M., 2000b]. The research was extended to the detection of the oxidation 
products of both Se-MeSeCys and γ-glu-SeMeSeCys by LC-ICP-MS [Uden P.C., 2001].  The 
species readily extracted from garlic depend on the amount of Se present in the garlic. Garlic 
samples with Se-concentrations lower than 333 µg g-1 contain more γ-glutamyl-Se-
MethylSelenocysteine than Se-Methylselenocysteine. In garlic, containing more than 333 µg 
g-1, it is the other way around [Kotrebai M., 2000b].  
In order to obtain molecular information on the extracted species, researchers have used 
extensive sample preparation procedures as to preconcentrate the compounds and finally 
used ESI-MS(-MS) for the identification of the species. McSheehy et al. developed a method 
based on two-dimensional LC with parallel ICP-MS and ESI-MS-MS detection for the 
speciation of Se in naturally grown garlic. The garlic was grown in a seleniferous area in 
China and the final concentration of Se in the lyophilized garlic powder was 205 µg g-1. A 
water extract of the powder was fractionated on a size exclusion column. The fractions 
containing Se were pooled and freeze dried. Subsequently preparative reversed phase LC 
was applied and the freeze dried fractions were analysed by ESI-MS(-MS). One compound 
was identified as γ-glu-SeMeSeCys based on the isotopic pattern of Se and the product ions 
[McSheehy S., 2000]. This procedure is, however, very cumbersome and time consuming. It 
should be kept in mind that any additional sample clean-up step involves the risk of species 
transformation, as well as loss of species. 
The research group of Caruso studied the Se-species present in Se-enriched green onion 
(Allium fistulosum). Ion pair liquid chromatography and size exclusion chromatography were 
coupled to ICP-MS to monitor the Se-species. Se was detected in both the higher (~12 kDa) 
and lower ( 0.36-2 kDa) molecular mass range. The protein bound amino acids were 
liberated after enzymatic hydrolysis. The presence of Se-Cystine, Se-MeSeCys, Se-Met and 
inorganic Se-species were demonstrated by retention time matching with standards. The 
presence of γ-glutamyl-Se-MeSeCys was demonstrated by ESI-ion trap-MS [Shah M., 2004]. 
In this work, a method is presented for the on-line identification of several compounds in a 
garlic water extract without the need for sample clean up nor for the availability of standards 
(Chapter 8) [Dumont E., 2006]. 
Speciation analyses with ion-pairing LC and size exclusion chromatography coupled to ICP-
MS of green onions revealed the presence of Se-(Cys)2, Se-Met, Se-MeSeCys and inorganic 
Se in enzymatic extracts by retention time matching with standards. With ESI-ion trap-MS the 
presence of γ-glu-SeMeSeCys was demonstrated [Shah M., 2004]. The incorporation of Se 
in the leaves of the plant was studied by size exclusion LC-ICP-MS revealing that the 
majority of Se was incorporated into the higher molecular mass fractions [Wrobel K., 2004]. 
 
4.5.2 The Brassica  genus 
 
4.5.2.1 Brassica juncea 
 
A similar approach as the one used for Se speciation of Brazil nuts by Vonderheide et al.  
[Vonderheide A., 2002] was applied for Brassica juncea. Numerous Se-containing 
compounds were detected by LC-ICP-MS. One compound was identified as Se-Met based 
on its retention time and its molecular mass. The use of ESI-MS revealed the presence of 
another compound containing a S-Se bridge at a m/z of 345 [Montes-Bayon M., 2002a]. 
Genetically modified B. juncea (in which Se-Cysteine methyltransferase is overexpressed) 
enriched with Se-Met leads to the formation of Se-MeSeCys, which could be determined by a 
combination of RPLC-ICP-MS and ESI-Q-TOF-MS. For ESI-Q-TOF-MS experiments, fraction 
collection was needed followed by preconcentration of the pooled samples. There was also 
strong evidence for the presence of Se-Homocysteine and Se-Cystathionine after collision 
induced dissociation [Montes-Bayon M., 2002b]. Se-Met was found to be the major 
compound in the extracts analysed by LC-ICP-MS [Ximenez-Embun P., 2004]. Recently, the 
different parts of the Indian mustard plant grown on a soil enriched with selenate were 
analysed with ion-pairing LC-ICP-MS. The shoot extracts contained mainly selenate, Se-
MeSeCys and Se-Met. Some minor compounds were also detected but they did not co-elute 
with any of the available standards. The root extracts contained selenate, selenite and Se-
Met. When the soil was enriched with selenite the chromatograms were different. The major 
species in the shoot extract was now Se-Met Se-oxide hydrate, with minor amounts of Se-
Met and selenite. The root extracts contained the same species. GC-AED was used as 
another separation-detection system to check the presence of volatile species and in order to 
confirm that retention time matching using LC-ICP-MS was reliable. The presence of Se-Met 
and S-(methyl-seleno)cysteine was demonstrated [Kahakachchi C., 2004]. By combining 
several extraction procedures with multi-dimensional liquid chromatography hyphenated to 
ICP-MS, several high and low molecular mass compounds were detected in the extracts of 
the Indian mustard plants. Identification of the proteins and other compounds is, however, up 
till now missing [Mounicou S., 2004]. The above results were gathered from plants grown on 
soils rich in inorganic Se. When Se-Met was added to the growth medium, instead of 
inorganic Se, other species were detected. Se-Methyl-Se-Methionine was isolated by 
applying ion-pairing LC with heptafluorobutyric acid and cation exchange with ICP-MS 
detection. Se-Methyl-Se-Methionine was identified in the roots by use of collision induced 
dissociation on an ESI-Q-TOF-MS. The spectrum was compared to that of a synthesized 
standard [Grant T.D., 2004]. Volatile species in B. juncea seedlings were measured by GC-
ICP-MS and GC-MS. The primary species detected from the headspace of the plants were 
dimethylselenide and dimethyldiselenide [Meija J., 2002]. 
 
4.5.2.2 Brassica oleracea 
 
Broccoli (Brassica oleracea) has been subject of several speciation studies. Some of the 
typical Se-species for Se-accumulating plants were also detected in broccoli by LC-ICP-MS: 
Se-(Cys)2, Se-MeSeCys, selenite and selenate as well as some unknown compounds [Ge 
H., 1996]. Since Se-species in broccoli are highly susceptible to degradation and 
volatilization during extraction (due to the extraction medium, presence of other analytes and 
pH), extreme care has to be taken during analysis. Due to its alleged chemopreventive 
properties, broccoli would form an interesting item for gastrointestinal digestion experiments 
in order to check the stability of the Se-compounds in these extraction media [Roberge M.T., 
2003]. 
Se-enriched sprouts were also prepared and examined by LC-ICP-MS for their Se-species. 
The main compound was Se-MeSeCys. Apart from this, Se-Met, γ-glu-SeMeSeCys, non-
metabolized selenite and an unknown Se-compound were detected in several Se-enriched 
sprouts [Sugihara S., 2004]. 
 
4.6 Se-speciation in fish 
 
Various fish species have been investigated on their Se-content and their Se-species. 
Antarctic krill for instance, was the subject of several investigations. During studies in which 
the aqueous extract of the krill was fractionated in three different molecular mass ranges, it 
became obvious that Se was mainly bound to the lower molecular mass compounds (< 2000 
Da) [Li B., 2005]. The Antarctic krill was examined for its species after enzymatic hydrolysis 
of the protein fractions. Eighty percent of the total Se was present in the lower molecular 
mass fractions such as amino acids and short peptides. Examination with LC-ICP-MS 
revealed that species were co-eluting with Se-Met and Se-Cys [Siwek M., 2005]. During the 
Spanish-Portuguese trial, mentioned in Chapter 2 (§ 2.8.6), speciation studies on the 
different types of fish were performed by LC-ICP-MS. Se-Met was the only compound found 
in the samples with above average Se-content (sardine, swordfish and tuna) [Cabanero A.I., 
2005]. Some studies suggest that the main Se-compound in fish is Se-Methionine [Quijano 
M.A., 2000]. The same research group studied the Se-species distribution in several marine 
animals, amongst which tuna, trout, krill, oyster and mussel. The water soluble fractions with 
and without SDS were analysed by SEC-ICP-MS. The enzymatic digests of both water-
soluble and insoluble fractions were further analysed by cation exchange chromatography-
ICP-MS. Se-Met was detected in all tissues, TMSe+ was detected in oyster, mussel and trout, 
while inorganic Se was found in krill [Moreno P., 2004]. Denaturing gel electrophoresis in 
combination with laser ablation-ICP-MS can be used for the selenoprotein speciation in fish 
tissues as was shown by Fan et al. [Fan T.W.M., 2002]. Human urine samples were 
investigated after consumption of fish with low temperature-GC-HG-ICP-MS. The analysis 
revealed three distinct Se-species, which remain up till now unidentified [Kresimon J., 2001]. 
 
4.7 Se-speciation in (human) body fluids and tissues 
 
4.7.1 Se-speciation in urine 
 
Excessive selenium is mainly excreted via the urinary tract and breath. Recently, 
Francesconi and Pannier critically reviewed all Se-species detected and identified in urine up 
till now [Francesconi K., 2004]. The identification and quantification of the species is 
necessary to unravel the metabolism of Se in the human body. At the same time, there is an 
urgent need for adequate analytical techniques, allowing the characterization and monitoring 
of the species. In this quest, it is important to avoid losses of species and species 
transformation.  
Hyphenated techniques are expected to be most suitable for these studies. Several 
compounds have already been detected by using chromatographic separation techniques, 
mainly liquid chromatography (LC), in combination with element specific detection, and 
calibration by standard addition. The species detected in this way, were the 
trimethylselenonium ion (TMSe+) in basal human urine and Se-Met, when Se-Met was 
supplemented. More results and species could, however, be distinguished when (extensive) 
sample preparation was applied to the urine samples [Gammelgaard B., 2000a, b, 2001]. No 
structural information was demonstrated. 
Methylation of Se is considered to be a detoxification process and, hence, methylated 
products are expected in urine. TMSe+ and dimethylselenide (DMSe) are claimed to be 
excreted when toxic doses of Se are administered. It was shown that only the L-enantiomer 
of Se-Met is metabolized by the human body. The D-enantiomer is excreted as such [Devos 
C., 2002]. Hence, products naturally rich in Se are more adequate than synthetic 
preparations. Most naturally occurring selenium compounds are transformed to selenide prior 
to incorporation in selenoproteins or prior to elimination as methylated species [Suzuki K.T., 
2002, 2005]. Therefore, it is of interest to know whether we can use Se-supplements with the 
same benefits as some ingredients naturally rich in Se.  
Cao et al. were able to distinguish 6 different organoselenium compounds by LC-ICP-MS. 
LC-fractions were collected and analyzed with ESI-MS-MS (triple quadrupole instrument). 
Only 2 compounds could be identified: Se-Methionine and Se-Cystamine [Cao T.H., 2001]. 
Most results on the speciation of Se in human urine and, more particularly, the identification 
of the compounds were reported by Gammelgaard et al.. They examined urine samples from 
six volunteers who took Se-nutraceuticals. Analysis was done by ion-pair chromatography 
and ICP-MS detection. The fractions containing the highest amount of Se after 
supplementation were pooled and subsequently subjected to solid phase extraction for the 
removal of ionic substances. The extract was purified and preconcentrated by two 
successive preparative LC methods (reversed phase LC and size exclusion 
chromatography). A purified Se-metabolite could not be ionized by ESI and, therefore APCI 
was used instead. The structure proposed was that of a selenosugar: Se-methyl-N-
acetylhexosamine (as was previously described in rat urine by Ogra et al. [Ogra Y., 2002]) 
[Gammelgaard B., 2003].  
Ogra et al. were the first who were able to identify this main Se-metabolite in rat urine after 
supplementation with selenite. Samples were preconcentrated and examined by ESI-MS-
MS. The main metabolite was suggested to be a Se-methyl-N-acetylhexosamine [Ogra Y., 
2002]. It was stated that the extent to which this Se-sugar is excreted, is in accordance with 
the required to low toxic range intake. The Na- and K-adducts of a compound with the same 
m/z as the selenosugar were detected by ESI-MS, after extensive sample clean-up of urine 
of rats supplemented with Se-Met [Diaz Huerta V., 2003]. The precursor of this sugar was a 
glutathione conjugate of the Se-sugar, detected in the liver, which was later transformed by 
methylation [Kobayashi Y., 2002]. The mass spectrum of this compound was equal to the MS 
spectrum of the synthesized 2-acetamide-1, 2-dioxy-β-D-glucopyranosil methylselenide. By 
1H NMR and 13C NMR, the identity of the Se-sugar was proposed to be 1-β-methylseleno-N-
acetyl-D-galactosamine [Kobayashi Y., 2002].  
Gammelgaard et al. [Gammelgaard B., 2003] reported that, after the consumption of higher 
amounts of Se, under the form of Se-Methionine  (Se-Met), there was a substantial increase 
in the urinary concentration of one of the metabolites. Following the analysis pathway 
described earlier, they concluded that the same metabolite (Se-methyl-N-
acetylgalactosamine) could be detected in human urine. Later on, this research group 
reported the presence of 2 different Se-sugars: Se-methyl-N-acetylgalactosamine and Se-
methyl-N-acetylglucosamine. This was demonstrated by a combination of two different 
separation techniques: liquid chromatography (LC) and capillary electrophoresis (CE), both 
hyphenated to Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and by co-elution 
with synthesized standards [Gammelgaard B., 2004]. Additional evidence for the presence of 
Se-methyl-N-acetylglucosamine in basal human urine was gathered by using CE-nano 
electrospray MS. Further purification of basal human urine led to the identification of the de-
acetylated form of Se-methyl-N-acetylgalactosamine, i.e. Se-methylselenogalactosamine, 
using the same technique [Bendahl L., 2004]. The same research group was able to quantify 
the Se-sugar in human urine by using LC-ICP-DRC-MS [Gammelgaard B., 2005]. They also 
focused on the use of new analytical techniques to improve their separation performance. 
They were able to separate Se-methyl-N-acetylgalactosamine in human urine from other Se-
sugars (Semethyl-N-acetylglucosamine and Se-methylgalactosamine) with Ultra 
Performance LC (UPLC)-ICP-MS [Bendahl L., 2005]. 
Due to the low concentration of Se in human urine (even after supplementation) and to the 
complex matrix, sample clean-up and preconcentration are major prerequisites. Care should 
be taken since species transformation is at risk [Zheng Y., 2002]. The stability of the 
selenosugar in rat urine and its degradation during sample clean-up was already described 
[Ogra Y., 2003]. These degradation products cannot be considered as metabolites, but are 
artefacts, formed during sample handling. Furthermore, a positive identification of Se-Met 
and Se-Cystamine (Se-Cya) in human urine after consumption of Se (under the Se-Met form) 
was obtained by ESI-MS-MS after lyophilization [Cao T.H. 2001]. 
Till now, the influence of the food source on the excretion of several Se-metabolites has not 
been investigated. Attention was only paid to the consumption of Se-rich yeast. The same 
results are, however, to be expected when food sources with the same Se-compounds are 
consumed as the excretion and uptake of Se is only a matter of bioavailability of the Se-
species from different food sources.  
In this work, a method is described for the analysis of Se-metabolites in urine after 
consumption of Se-rich food sources. The isotopic pattern of Se was used in the 
identification of the main metabolite. Furthermore, attempts were made to simplify the 
analysis of the Se-metabolites. In order to do so, a method was developed enabling 
automated analysis of the urine samples. Moreover, the method is suitable for screening 
urine samples and the determination of the Se-status of an individual.   
 
4.7.2 Se-speciation in (breast) milk 
 
Se is mostly associated with proteins (>95%) in the case of human, cow, goat and sheep 
milk, while only a small part of the Se is present in the lipid fraction [Van Dael P., 2001]. 
Infant formula milk was analysed by LC-HG-AFS and Se(IV) was detected as the only 
compound [Viñas P., 2005]. 
A LC column with a chiral stationary phase in combination with both AFS and ICP-MS was 
used for the chiral speciation of Se-Methionine in breast milk and formula milk. The milk 
samples were analysed following the removal of fat and proteins. Doubts arise, however, if it 
is justified to remove the proteins, since Se can be incorporated in proteins and, hence, 
these species were not measured in this trial. The species were preconcentrated and finally 
analysed. In breast milk, only the L-enantiomer  of Se-Met was detected while in formula milk 
up to 30% was present as D-Se-Met [Gomez-Ariza J.L., 2004]. 
 
4.7.3 Se-speciation in blood 
 
Speciation analysis of Se in tissues and blood, merely comprises the determination of its 
distribution among the different proteins, which is achieved by separation of the proteins and 
subsequent detection of the Se. Following the isolation of an unknown Se-containing protein, 
it is important to determine whether it is a true selenoprotein, with Se incorporated 
specifically as Se-Cys or if it contains only non-specifically incorporated Se-Met. This is 
achieved by chromatographic separation of Se-Cys from Se-Met and from the other amino-
acids [Patching S.G., 1999]. Speciation studies in human blood are plentiful, but are difficult 
due to the low concentrations and the complexity of the matrix. Most reports are on the total 
Se-concentration in the different compartments of blood and on the factors influencing Se-
concentration. 
Se in plasma is mainly present as Selenoprotein P (68% +/- 7%), glutathion peroxidase 
(25%+/- 4%) and in association with albumin (7% +/- 4%) which carries the Se throughout 
the body. Human plasma Se-distribution was first determined by sodium dodecylsulphate 
polyacrylamide gel electrophoresis (SDS-PAGE). Another way in which the distribution was 
determined, was by affinity chromatography with atomic absorption spectrometric detection 
of the element [Plecko T., 1999]. Interesting results were obtained by Koyama et al. who 
separated the same proteins by using two-dimensional LC (first column: heparin affinity 
column, second column: size exclusion column) in which the outlet of the second column 
was directly connected to the ICP-MS. This method successfully separated the three main 
Se-proteins and revealed that Se was preferentially bound to Selenoprotein P in plasma of a 
Se-deficient person [Koyama H., 1999]. 
The quantitative speciation of Se in human serum has been carried out by affinity 
chromatography coupled to post-column isotope dilution analysis with ICP-MS (equipped 
with an octapole reaction system to cope with the highly interfered most abundant isotope). 
This method was used to study the Se distribution over the different proteins and to compare 
the results of healthy individuals with those of patients on hemodialysis. The results were the 
same for both groups and it was seen that Se was mainly present as selenoprotein P (~ 
55%), smaller amounts were linked to glutathione peroxidase and albumin (both ~ 20%) 
[Hinojosa Reyes L., 2003]. This pattern of Se-distribution is, however, not in accordance with 
the previously mentioned data reported by Plecko et al.. It can, however, be concluded from 
both studies that selenoprotein P is the most abundant Se-protein. 
Apart from the determination of the Se-proteins, there has also been interest in the 
determination of the seleno-amino acids in human blood, since 96-98% of the total Se 
content in human plasma is known to be protein-bound [Combs G.F., 2001]. By coupling 
strong anion-exchange chromatography to ICP-MS, Michalke succeeded in the 
determination of selenourea, Se-Cystine and Se(VI) in serum of healthy individuals by 
retention time matching [Michalke B., 2004]. A more extensive study was carried out by 
Encinar et al.. The proteins were treated with urea and dithiotreitol (DTT) to denature the 
proteins and to reduce the S-Se and Se-Se bridges. The Se-Cys residues were alkylated 
with iodoacetamide. Finally the mixture was enzymatically digested. The seleno-amino acid 
fraction of a size exclusion separation was isolated and freeze-dried. Separation of Se-Met 
and the derivatized Se-Cys was done by use of capillary reversed phase LC. The species 
were detected by ICP-MS equipped with a collision cell. The seleno-amino acids were 
quantified by isotope dilution. Se-Met accounted for 34 +/- 1.2 ng Se g-1 in individuals 
supplied with Se-supplements, whereas the amount of Se-Met in unsupplemented individuals 
was 12.5 +/- 0.4 ng Se g-1. The analyses of the Se-Cys revealed that in supplemented 
individuals 90.6 +/- 2.4 to 97.7 +/- 4.3 ng Se g-1 was detected, whereas the levels in 
unsupplied individuals varied from 50.1 +/- 0.9 to 51.3 +/- 2.7 ng Se g-1. Hence, there was a 
significant quantitative difference between Se-serum species of persons who took Se-
supplements and those who did not [Encinar J.R., 2004b].  
 
4.7.4 Se-speciation in tissues 
 
The metabolism of Se has been extensively studied by Suzuki et al., who mostly used rats as 
model for the mammalian organism. By intravenous injection of labelled selenite and 
selenate,  they monitored the distribution of Se throughout the liver, kidney, serum and urine 
by size exclusion chromatography-ICP-MS analyses. In the liver and kidney cellular GPx was 
detected as the endogenous Se carrier [Kobayashi Y., 2001]. During their study they 
observed that Se administered as selenite was very quickly taken up by the red blood cells 
and reduced by glutathione to selenide, which on its turn was transported to the plasma. 
There it was selectively bound to albumin and transferred to the liver. Selenate, on the other 
hand, was either taken up directly by the liver, or excreted via the urinary tract. Two peaks 
were observed in the liver originating from the exogenous Se, namely the main urinary 
metabolite Se-methyl-N-acetyl-Se-hexosamine and its precursor Se-glutathionyl-N-
acetylgalactosamine [Suzuki K.T., 2002, 2005]. A schematic diagram of the metabolic 





















Figure 4.4: The metabolic pathway of selenite and selenate in the bloodstream and the liver 
(according to [Suzuki K.T., 2005]). 
 
As in plasma, selenoprotein P has also been detected in the liver and for this reason it is 
postulated that this protein serves as a transport medium for Se. Shortly after its discovery, it 
was suggested that this protein distributes Se from the liver to other organs. There are some 
doubts concerning this statement since the transport would be against the nature of the Se in 
selenoprotein P. The element is covalently bound to the protein and, hence, the release of 
Se would require the breakdown of the protein, before the cell could utilize the element. 
Thus, more research is needed on this topic [Motsenbocker M.A., 1982]. 
Experiments on rats by Burk et al. with 75Se labelled selenoprotein P showed that there are 
tissues which can take up Se as a small-molecule or under the from of selenoprotein P. It 
was seen that the brain is able to take up selenoprotein P, which might explain its resistance 




Generally spoken, it can be concluded from the above mentioned procedures that Se-
speciation is carried out to a great extent by using a separation technique coupled to an 
elemental detection instrument. For molecular information and final identification molecular 
mass spectrometry is most often used in an off-line mode. The major disadvantages of these 
off-line set-ups, are the facts that they are time consuming and cannot be easily automated. 
Due to the lower sensitivity, elaborate sample pretreatment and preconcentration are 
needed. These processes are very time-consuming and not without risk for elemental 
speciation purposes. The different sample manipulation steps result in a great risk of species 
loss and species transformation. This is especially true for the more labile compounds. 
Furthermore, the more ‘exotic’ compounds often need synthesis of standards, which on its 
own is time consuming 
During this study a versatile and universal method was developed for the on-line 
identification of Se-species in a diversity of matrices. The method was mainly tested and 
used for the identification in Se-foods both fortified and natural and enabled the identification 
of several compounds without the need for laborious sample clean-up procedures. With this 
method, standards were no longer needed. In Chapter 6, 7, 8 and 9, the same method was  
used with small adaptations to meet the specific requirements for speciation analyses of the 
compounds in these different matrices. The same is true for the speciation of Se in human 
urine, although less sample preparation steps were needed to identify the main compound 
(Chapter 10). An additional method was developed to more efficiently characterize the main 
metabolite in human urine after consumption of Se-rich food. The latter method was much 
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In this chapter the optimization of different methods allowing the separation, elemental 
detection and identification of several Se-compounds is discussed. The methods were 
developed and optimized using a diversity of commercially available standards. Both 
inorganic Se-standards  (selenite (Se(IV)) and selenate (Se(VI))) and organic Se-standards 
(Se-Methionine (Se-Met), Se-Cystine (Se-(Cys)2), Se-Cystamine (Se-Cya) and Se-
MethylSeCysteine (Se-MeSeCys)) (all depictured in Table 2.2) were used. In some matrices, 
it is difficult to estimate which species can be expected. Our goal was to develop a method 
which is universal and can hence be applied to all Se-species present in different types of 
samples. This chapter first focuses on the optimization of elemental detection (HG-AFS and 
ICP-MS). Next, the separation of the compounds by LC is discussed, keeping in mind that 
conditions need to be suitable for later hyphenation to both elemental and molecular mass 
spectrometry. The last step involves the characterization of the compounds with ESI-MS-MS: 
detection of their molecular ions and determination of their fragments. Finally, this 
information is used to set up the LC-ESI-MS-MS method for the on-line characterization of 
Se-species. Attention was paid to the sensitivity and applicability of the different techniques 
to real sample analysis.  
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The aim was to detect with sufficient and comparable sensitivity all Se-compounds after 
generation of Se-hydrides (HG) followed by atomic fluorescence spectrometry (AFS). 
Therefore, the organic compounds needed to be oxidized prior to hydride generation and 
selenate needed to be reduced to Se(IV) (§ 3.2.2). Different conditions and redox-mixtures 










All reagents were of analytical grade. Ultrapure water (Milli Q) was produced in the laboratory 
with a Millipore system (Bedford, MA, U.S.A.). Se-standards (selenite, selenate, Se-
Methionine, Se-Cystine, Se-Cystamine and Se-MethylSeCysteine), tetraethylammonium-
chloride (TEACl), tetraethylammoniumacetate (TEAA) and NaBH4 (98%) were obtained from 
Sigma-Aldrich (Bornem, Belgium). NaOH was purchased from Carlo Erba (Milan Italy). HBr 





The atomic fluorescence spectrometer was a PS Analytical Millenium Excalibur System from 
Anatech (Heverlee, Belgium). For the element detection a Se super lamp, Photron (Victoria, 
Australia), was used. The Microwave Digester 301 for digestion of the samples was from 
Prolabo (Fontenay sous Bois, France). The LC instruments used for introduction of the 
standards were a Waters Alliance 2690 (Waters Corporation, Boston, MA, U.S.A.), an Äkta 
Purifier (Amersham Biosciences, Amersfoord, The Netherlands) and an LC pump model 625 
(Alltech, Deerfield, IL, U.S.A.) equipped with a six-way injection valve (Rheodyne model 7161 




Sodiumborohydride (98%) was filtered through 0.45 µm pore filters from Millipore (Bedford, 





Standard solutions of selenite, selenate, Se-Methionine, Se-Cystine, Se-Cystamine and Se-
MethylSeCysteine were prepared at a concentration of 100 µg Se l-1 in milli Q water.  
 
5.2.3 Method optimization 
 
As Se(VI) has to be reduced and the other compounds needed to be oxidized, it should be 
kept in mind that both steps should not hamper each other. For total Se analyses, samples 
can be mineralized by a time-consuming treatment with HCl at elevated temperatures. This 
is, however, not an option since in this case the goal was the development of an on-line 
system. Several redox-mixtures in combination with the use of a UV lamp were tested [Vilano 
M., 2000], [Simon S., 2005]. None of them were as successful as the HBr-KBrO3 mixture 
assisted by on-line microwave oven heating. The coil in the microwave oven (MW) was 
knotted in order to have a more efficient transformation of the species. Flow interruption, due 
to heating in the reaction coil was observed after running the elution for approximately 8 min. 
By wrapping the coil around a spool in an ice bath after the microwave oven, this disturbance 
was overcome. It was essential to keep the temperature of the ice bath constant, if not flow 
fluctuations occurred. The observed trend in the fluctuations was in accordance to the trend 
of the temperature fluctuations in the cooling bath. Since it was the intention to develop an 
on-line system that can be used for speciation analyses, it was of the utmost importance to 
preserve the chromatographic resolution. The time spent in the reaction coils by the 
compounds is about 1 min for their conversion to the suitable Se(IV). About one more minute 
is needed in order to form and detect the hydrides. This results in major peak broadening, 
which was also the case in other studies [d’Ulivio A., 1994], [Ipolyi I., 2001a, b]. To cope with 
this problem, air segmentation was used [Zhang X., 1996].  A T-piece was inserted where 
the column effluent arrived, just ahead of the place where the sample will be mixed with the 
reagents and led to the coil in the microwave oven.  Hence, the sample can be segregated 
by air provided by a peristaltic pump at a flow rate of 0.5 ml min-1. This is schematically 
represented in Figure 5.1.  Under normal circumstances the peaks would be diffusing 
through the liquid, but when air bubbles are inserted, the air prevents the peaks from 
broadening due to the transition air-liquid. This resulted in preservation of the 
chromatographic resolution, even though the compounds had a long way (6.5 m) to travel 
before reaching the detector.  
air
Diffusion of compounds Air segmentation  
Figure 5.1: Schematic representation of air segmentation. 
 
The instrumental set-up with indication of the added reagents and tools for complete 
conversion are shown in Figure 5.2. The sample is mixed with air and there after, KBrO3 and 
HBr are added. This mixture is sent through the microwave oven after which the flow is 
cooled in an ice bath. Subsequently, the converted species are mixed with the NaBH4-NaOH 
mixture in order to form hydrides which can subsequently be analysed and detected by AFS. 
The experimental conditions for this procedure are summarized in Table 5.1. 
  
Figure 5.2: Experimental set-up for HG-AFS measurements. 
 
Table 5.1: Experimental conditions for Se-determination with HG-AFS. 
 
Air flow 0.5 ml min-1 
Redox mixture HBr (48%) + 15 mM KBrO3 
Reducing agent 1.4% (w/w) NaBH4 + 0.4% (w/w) NaOH 
HBr flow rate 1.5 ml min-1 
NaBH4 flow rate 1.5 ml min-1 
KBrO3 flow rate 0.5 ml min-1 
Microwave power 10 W 
Coil in MW L: 3 m; i.d.: 0.8 mm 
Coil in ice bath L: 2 m; i.d.: 0.8 mm 
Reaction coil L: 1.5 m; i.d. 1.0 mm 
 
The limits of detection (LOD) for this system were determined via flow injection (100 µl and 
with milli Q water as the eluent) of the appropriate standard solutions (10 blank solutions of 
milli Q were measured as well). The LODs were calculated according to the 3s criterion 
(LOD= 3sblank X cstandard/ signal) and were: 0.8 µg l-1 for Se(IV), 1.1 µg l-1 for Se-MeSeCys, 1.2 
µg l-1 for Se-Met and Se-(Cys)2 and 1.3 µg l-1 for Se(VI) and Se-Cya. From these results it 
can be concluded that the detection limits for all compounds are within the same range.  
 
5.2.4 Influence of organic solvents 
 
As liquid chromatography is the method of choice for separation of the compounds, it is 
necessary to investigate the influence of organic solvents in the mobile phases, on the 
quality of the separation and the detection. Organic solvents lower the process of hydride 
generation and hence the influence of methanol (MeOH) on the signal of the different 
species was tested. Solutions of the standards Se(IV), Se(VI), Se-Met, Se-(Cys)2 
(representing the different mechanisms needed for conversion to hydrides) were made in 2% 
MeOH and 4% MeOH. All measurements were done in 3-fold, the results are shown in 























water 2% MeOH 4% MeOH  
Figure 5.3: Influence of MeOH on the HG-AFS signal. 
 
From this figure it is clear that the influence on the inorganic Se-compounds is 
straightforward and more pronounced than in the case of the organic compounds. For Se(IV) 
and Se(VI) there is already a lowering of the signal at 2% MeOH and this only getting worse 
when higher amounts of organic solvent are added. In the case of Se-Met and Se-(Cys)2, the 
signal is not decreased when 2% MeOH is added, but whith higher amounts of MeOH the 
trend is the same as for the inorganic species.  
The influence of ion pairing agents was also investigated. The Se-signal of 6 standards was 
compared when the eluent was milli Q water, 0.1% TEACl or 0.1% TEAA. The results are 






















water 0.1% TEACl 0.1% TEAA  
Figure 5.4: Influence of ion pairing agents on the HG-AFS signal for Se detection. 
For all Se-compounds but one (Se-Cya), there was only a slight influence on the signal and 
without any real trend. The fluctuations all remained within the values of the error bars and 
hence it can be concluded that there is no influence on the Se-signal to be measured by HG-
AFS. There is only one exception: Se-Cya, as for this compound the signal was highly 
elevated by the addition of an ion pairing agent. So far, this can not be explained.  
 




The characteristics of ICP-MS for Se detection were tested, in view of the planned coupling 
of the detection system with LC. Although the measurement of Se with ICP-MS may be 
hampered by interferences (Chapter 3 § 3.5.1), it will be shown that it was worth optimizing 
its detection in terms of detection limits and simplicity. It is clear from § 5.2.3 that the 
determination of the Se-compounds by HG-AFS was too cumbersome and required too large 




The chemicals and instrumentation used for the experiments and described in § 5.2.2 are not 
repeated here. Nitric acid 14 M was purified by subboiling distillation in quartz equipment. 
ICP-MS experiments were done with a Perkin Elmer SCIEX Elan 5000, quadrupole-based 
instrument (Ontario, Canada). 
Standard solutions for ICP-MS measurements contained 100 µg Se l-1. Ga (Gallium standard 
solution in 5% HNO3 (1000 mg l-1, Johnson Mathey, Karlsruhe, Germany) (final concentration 
50 µg l-1) was added to each standard solution to act as an internal standard. Standards were 
diluted in 0.14 M HNO3. 
 
5.3.3 Method optimization 
 
To ensure measurements under interference free conditions, Se was measured on its 82Se 
isotope. The different parameters were optimized by aspiration of a Se-standard via the 
peristaltic pump. The optimum conditions are mentioned in Table 5.2. 
The detection limits obtained for the different compounds under these conditions were: 0.14 
µg l-1 for Se(IV), Se(VI), Se-Met and Se-Cya. For Se-(Cys)2 and for Se-MeSeCys the LOD 
was 0.15 µg l-1, proving that ICP-MS allows a more sensitive determination of Se than HG-
AFS. This might be important when analysing real samples as it is expected that Se will be 
divided amongst different species, resulting in the presence of Se-compounds at very low 
concentrations. 
 
Table 5.2: Optimum conditions for ICP-MS measurements. 
 
ICP-MS instrument Perkin Elmer Sciex Elan 5000 
Sample introduction flow 0.75 ml min-1 
RF Power 1000 W 
Ar gas flow rates  
   Plasma    15 l min-1 
   Auxiliary    0.8 l min-1 
   Nebulizer    0.987 l min-1 
Data acquisition  
Scanning mode Peak hopping 
Points per spectral peak 1 
Dwell time per acquisition point 100 ms 
Sweeps per reading 100 
Readings per replicate 1 
Replicates 5 
Signals monitored 69Ga+, 71Ga+, 82Se+ 
Total measurement time 3.5 min 
 
As was stated in Chapter 3, in some cases matrix effects can be used advantageously in 
order to get better analytical performance. The addition of carbon in combination with 
elevated RF power of the plasma can result in enhanced sensitivity for the detection of Se 
[Larsen E.H., 1994]. As LC will be coupled to ICP-MS it was of interest to test the influence of 
some common agents. The influence of MeOH on the signal was tested. The RF power of 
the instrument was elevated to 1200 W and Se(IV) was used as the test sample. A solution 
of 50 µg Se l-1 was made in an 0 and 2% MeOH solution. The signal was elevated up to a 
factor 3 when MeOH was present. Further elevation of the MeOH concentration decreased 
the response.  
 




Numerous attempts to separate the different Se-compounds are described in the literature. 
Only some of them are mentioned here. The most popular methods were ion exchange 
chromatography (both anionic and cationic) [Larsen E.H., 2001], [Vilano M., 2000], with use 
of phosphate, pyridinium formate or salicylate-Tris buffers and ion pairing chromatography 
(use of perfluorinated carboxylic acids) [Kotrebai M., 2000].  Pure reversed phase conditions 
have also been applied, but difficulties were reported when separating the inorganic species 










The LC system, used for HG-AFS and ESI-MS-MS detection and equipped with an 
autosampler, was a Waters Alliance 2690, Waters Corporation (Boston, MA, U.S.A.). For 
analyses with ICP-MS detection, the Äkta purifier or LC pump were used. All separations 
were done on a Waters XTerra MS C18 column (250mm L x 4.6 mm i.d., 5 µm particles). A 
XTerra guard column (20 mm L x 3.9 mm i.d., 5 µm particles) was used to capture too 
strongly retained compounds present in the biological matrix. Both were from Waters 




Standard solutions of selenite, selenate, Se-Methionine, Se-Cystine, Se-Cystamine and Se-
MethylSeCysteine were prepared at a concentration of 100 µg Se l-1. These solutions were 
used both for optimization of the separation and for the on-line detection of the compounds. 
 
5.4.3 Method optimization 
 
When developing a method for separation of the Se-compounds, it was always kept in mind 
that the final goal was a separation procedure fit to be coupled to any detection system. It 
was already stated in Chapter 3 §3.5.1, that in hyphenated techniques extreme care has to 
be taken in terms of the composition of the mobile phase. Some conditions work well for one 
detector, while they are pernicious for another. A good compromise should be found. In case 
of AFS the use of organic solvents can better be avoided. When using ICP-MS the use of 2% 
MeOH is favourable. For later experiments with ESI-MS-MS, the use of MeOH is certainly 
recommended. When looking at the nature of the compounds, reversed phase and ion 
exchange chromatography are the best choices for separation of the compounds. However, 
the use of ion exchange LC was excluded due to the later coupling with ESI-MS-MS. 
Separation of the Se standards under pure reversed phase conditions was, however, 
impossible. Since the organic compounds to be separated have an amphoteric character, 
shifts in pH can be usefully exploited in these experiments. From the pKa values of the 
inorganic compounds it is clear that at pH 4.5, the inorganic compounds (Se(IV): pKa1 2.46 
and pKa2 7.31: and ; Se(VI): pKa 1.92), are negatively charged. Under these conditions a 
positively charged ion pairing agent should be applied for the separation. The organic 
compounds had to be separated according to their hydrophobicity. All organic compounds 
could be separated when a C18 column was used and a mobile phase with 2 to 5% MeOH 
was applied, but due to their negative charge Se(IV) and Se(VI) co-eluted in the dead 
volume. The use of a positively charged ion-pairing agent, namely tetraethylammonium 
chloride (TEACl) resulted in a successful separation of the Se-standards. The final conditions 
for separation are listed in Table 5.3.  
 
Table 5.3.: LC conditions for separation of Se-compounds. 
 
Column XTerra MS C18 
Column dimensions L 250 mm, i.d. 4.6 mm, 5 µm particles 
Guard column dimensions L 20 mm, i.d. 3.9 mm, 5 µm particles 
Mobile Phase 0.1% TEA+ Cl- (+ 2% MeOH) 
pH 4.0-4.5 
Injection volume 100 µl 
Sample loop 20 µl 
Flow rate 0.8 ml min-1 
 
The chromatograms are shown in Figure 5.5. The upper chromatogram shows the results 
























































Figure 5.5: Separation of six Se-compounds, the chromatograms were obtained with: HG-
AFS detection (upper chromatogram), ICP-MS detection (lower chromatogram) (1: Se-Cya, 
2: Se-(Cys)2, 3 : Se-MeSeCys, 4 : Se(IV), 5 : Se-Met, 6 : Se(VI)). 
 
It should be mentioned that the LC conditions were different for HG-AFS and ICP-MS 
detection in that for HG-AFS the use of MeOH was banned.  
Separation with HG-AFS detection was slightly better for the earlier eluting compounds, this 
is due to the fact that the chromatographic resolution was kept to a maximum by air-
segmentation and the fact that no MeOH was used for the separation.  
 




Chromatographic resolution is limited and when dealing with complex samples it may be that 
compounds co-elute and hence are identified wrongly when only elemental detection is used. 
Therefore, the method is extended to the use of molecular mass spectrometry in order to 
cope with this problem. Structural information gathered by molecular mass spectrometry is 
much more reliable in identifying a compound than is the use of retention time matching with 
elemental detection [Francesconi K.A., 2005]. In order to optimize the complete system in 
terms of solvent compatibility, parameter optimization and sensitivity, the same standards 






The triple quadrupole based electrospray tandem mass spectrometer is a Quattro Micro 








For measurement of the product ion spectra in the flow injection mode by ESI-MS-MS, Se-
Met, Se-Cya, Se-(Cys)2 and Se-MeSeCys standard solutions were prepared with a 1 mg l-1 
concentration of the compound. The structural formulae of these compounds is depicted in 
Figure 2.2 and 5.7. The standards were diluted in a 1:1 H2O:acetonitrile mixture. For on-line 
determination of the compounds and the product ions, standard solutions were made of 1 mg 
l-1 compound concentration and diluted in a 1% formic acid solution in order to enhance ion 





5.5.3 Method optimization 
 
5.5.3.1 Full scan 
 
At first, the molecular ion of the compounds was detected. This was done by infusion of the 
standard solution at a flow rate of 10 µl min-1. For these measurements, the photomultiplier 
voltage was set at 650 V, the desolvation gas flow was adjusted to 350 l h-1, the source 
temperature was kept at 120˚C, while the desolvation temperature was 200˚C. Parameters 
were optimized to get a signal as high as possible. The organic compounds were measured 
in positive ion mode, while Se(IV) and Se(VI) were determined in negative ion mode on m/z 
129 and 145, respectively. Se-Met, Se-(Cys)2, Se-Cya and Se-MeSeCys were measured as 
the [M+H]+ ion at their corresponding m/z: 198 (Se-Met), 337 (Se-(Cys)2), 249 (Se-Cya) and 
184 (Se-MeSeCys). The spectra of Se-Met and Se-(Cys)2 were already shown as an 
illustration for the detection of the isotopic profile of Se with ESI-MS-MS in Figure 3.10.  
 
5.5.3.2 Product ion scan 
 
Further molecular information can be gathered when the molecules of interest are 
fragmented. The molecular ion is then selected in the first quadrupole and subjected to 
collision induced dissociation. Furthermore, the product ions are detected resulting in a 
product ion spectrum. Se(IV) and Se(VI) do not give rise to product ions. The optimized 
parameters for measurements in all scan modes are summarized in Table 5.4. The MS-MS 
spectra of Se-Met, Se-(Cys)2, Se-MeSeCys and Se-Cya are shown in Figure 5.6.  
 
Table 5.4: Optimized parameters for ESI-MS(-MS) measurement of the different Se-
compounds. 
 
 Se-Met Se-(Cys)2 Se-
MeSeCys 
Se-Cya Se(IV) Se(VI) 
Ion mode + + + + - - 
m/z 198 337 184 249 129 145 
Product ions 181, 152, 
135, 109, 
102 
248 167, 149, 
123, 95 
204   
Capillary Voltage (kV) 3.15 3.40 3.20 3.20 2.5 2.5 
Cone voltage (V) 22 35 18 20 30 35 
Collision energy (eV) 15 20 20 15   
Cone gas flow rate (l h-1) 50 50 50 50 50 50 
Desolvation gas flow 
rate (l h-1) 
330 350 325 325 350 350 
 



























































































   



















Figure 5.6: ESI-MS-MS spectra of Se-Met, Se-(Cys)2, Se-Cya, Se-MeSeCys. 
 
The structural formulae and the fragments formed are indicated in Figure 5.7. For Se-Met 
(+NH3CH(COOH)CH2CH2SeCH3), m/z 198 (80Se) was selected and 5 fragment ions could be 
distinguished at m/z: 181, 152, 135, 109 and 102. The m/z 181 corresponds to the loss of 
NH3, m/z 152 includes the loss of CO and H2O, m/z 135 corresponds to the loss of CO, NH3 
and H2O , m/z 109 is the ion CH3SeCH2+ and m/z 102 is the ion NH3CH(COOH)CH2CH2+. In 
the product ion spectrum of Se-(Cys)2 (NH2(COOH)CHCH2Se-SeCH2CH(COOH)NH3+) (m/z 
337 (80Se)) only 1 fragment ion is observed at m/z 248, corresponding to a loss of 
NH2CH(COOH)CH3. The product ion spectrum of Se-Cya (NH2CH2CH2Se-SeCH2CH2NH3+) 
(m/z 249 (80Se)) also only displays one fragment ion at m/z 204: this fragment ion is 
produced as a result of the loss of NH2CH2CH3. The product ions of Se-MeSeCys 
(+NH3(COOH)CHCH2SeCH3) (m/z 184 (80Se)) are found at m/z 167: loss of NH3, m/z 149: 
loss of NH3 and H2O, m/z 123: loss of CO, NH3 and H2O and m/z 95: corresponding to the 







































Figure 5.7: Structural formulae of Se-Met, Se-(Cys)2, Se-Cya and Se-MeSeCys with 
indication of the fragments formed. 
 
5.6 Influence of organic solvents on the ESI-MS signal 
 
In order to check the influence of some constituents of the mobile phase, some off-line 
experiments were done. The influence of organic solvents for better evaporation, the use of 
acids for better ionization and the mobile phase conditions during the separation were 
investigated. In a first trial, the influence of MeOH and acetonitrile were examined. Standard 
solutions were made in Milli Q water (A), 50% MeOH (B) and 50% acetonitrile (C) (final 
concentration of the compounds: 1 mg l-1). The measurements were done in the full scan 
mode. The results are shown in Figure 5.8. Furthermore, the influence of the use of formic 
acid to enhance ion formation was examined. The samples were made in a 50% MeOH 
solution and formic acid was added in a concentration of 1% (D), 2% (E) and 5% (F). The 





























Se-Met Se-(Cys)2 Se-MeSeCys Se-Cya  
 
Figure 5.8: Signal of different organic Se-compounds in Milli Q water and influence of 
organic solvents (MeOH (B) and acetonitrile (C)) and formic acid (1% (D), 2% (E) and 5%(F)) 
on the ESI-MS signal. 
 
From this graph, it is clear that the use of organic solvents is favoured over the use of pure 
water. The influence of MeOH and acetonitrile depends on the compound measured: the use 
of MeOH is favoured for Se-Met and Se-Cya, while the use of acetonitrile is favoured for the 
analysis of Se-(Cys)2 and Se-MeSeCys. The addition of formic acid leads to major signal 
enhancement for all compounds. Solutions containing 1% formic acid are sufficient in order 
to get optimum signals. Further addition of formic acid does not lead to enhanced signals.  
 




The major problem observed in the on-line analysis of Se-compounds is the incompatibility 
with the mobile phases, mostly resulting in severe signal suppression. Reports on the on-line 
measurement of Se-standards by LC-ESI-MS-MS exist but are limited to the detection of only 
one product ion [Lindemann T., 2002]. The influence of mobile phase additives has been the 
subject of several investigations. Trifluoroacetic acid (TFA) is the most commonly used ion 
pairing agent in reversed phase separations of proteins and other biomolecules. To enhance 
the detectability by on-line LC-ESI-MS the TFA had to be substituted by more polar and less 
conductive additives like formic acid and acetic acid [Huber C.G., 1999]. It was shown that 
formic acid positively enhances the ESI-MS signal up to a certain concentration. The 
increase in signal in the range of 0.05-0.1% can be explained by the more efficient 
protonation of the proteins. The subsequent decrease in signal at higher concentrations 
might be explained by the competition of analyte and H3O+ to be converted from the solution 
to gas phase ions [Kebarle P., 1997]. 
 
5.7.2 Mobile phase compatibility  
 
Some tests were done in order to check the compatibility of the mobile phase with the 
electrospray process. Different mobile phases and additives were used and compared in 
order to check to what extend the sensitivity is influenced by the use of these constituents. 
Signal suppression, when combining LC to ESI-MS, is a common problem [McSheehy S., 
2002]. 
The use of TEACl was absolutely necessary for the separation of all these 6 Se-standards, 
especially for the separation and retention of the inorganic compounds. The measurements 
were done in selected ion recording mode since together with the effect of the composition of 
the mobile phase on the signal, the retention behaviour was examined. The effect of the 
amount of TEACl was examined together with that of MeOH. The pH was adjusted by 
addition of formic acid. The standards (1 mg l-1) were made in a 1% formic acid solution. The 
compositions of the mobile phase were as follows: 0.01% TEACl (A), 0.1% TEACl (B), 0.01% 
TEACl + 1% MeOH (C), 0.01% TEACl + 2% MeOH (D). The flow rate was adjusted to 0.8 ml 



























Se-Met Se-(Cys)2 Se-MeSeCys Se-Cya  
Figure 5.9: Influence of the mobile phase on the ESI-MS signal (A: 0.01% TEACl, B: 0.1% 
TEACl, C: 0.01% TEACl + 1% MeOH, D: 0.01% TEACL + 2% MeOH). 
 
Figure 5.9 shows that higher amounts of TEACl suppress the signal. An amount of 0.01% of 
TEACl was already enough for separation of all compounds. With lower amounts of the ion 
pairing agent it was impossible to separate all species, especially the inorganic species. 
Addition of MeOH aided in the signal enhancement: 2% MeOH gave better ESI-MS results, 
without loosing chromatographic resolution. Higher amounts of MeOH resulted, however, in 
the loss of chromatographic resolution. Hence, the optimum conditions for separation are: 
0.01% TEACl + 2% MeOH pH 4.5. These conditions were from now on those used for both 






Standard solutions used for the on-line measurements were made of 1 mg l-1 compound 




The separation was done under the same conditions as mentioned for LC-ICP-MS. The flow 
rate was, however, too high to be compatible with ESI-MS and hence a flow splitter was 
used. The use of a T-piece allowed to send only 40% of the flow (320 µl min-1) towards the 
ESI-MS for detection. No harmful effects were observed since the concentration of the 
standards was high enough.  
 
5.7.3.3 ESI-MS-MS detection 
 
When using ESI-MS in the LC mode instead of in the infusion mode some parameters have 
to be changed. The desolvation gas flow rate was elevated up to 650 l h-1. The desolvation 
temperature was raised up to 300°C. All other parameters were as discussed in Table 5.4.  
 
5.7.4 LC-ESI-MS of the Se-standards 
 
The first step in the identification of a compound is the detection of its molecular ion at the 
respective m/z ratio. When coupling LC to ESI-MS selected ion recording (SIR) is used (§ 
3.3.4). As can be seen from Table 5.4 the optimum parameters for all compounds are 
different and for the on-line analysis a compromise was found by setting the capillary voltage 
at 3.15 kV for analysis in the positive ion mode and 2.5 kV for measurements in the negative 
ion mode. For the organic species the cone voltage and collision energy were set 
individually. The chromatograms obtained for the standards are shown in Figure 5.10. Se-
Cya, Se-(Cys)2, Se-MeSeCys, Se(IV), Se-Met and Se(VI) are measured on their most 
abundant isotope at  m/z 249, 337, 184, 129, 198 and 145, respectively.  
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Figure 5.10: LC-ESI-MS chromatograms of the six Se-standards: detection of Se-Cya, Se-
(Cys)2, Se-MeSeCys, Se(IV), Se-Met and Se(VI). 
 
From these chromatograms, it is clear that all species can be detected on the m/z of their 
molecular ion. Furthermore, according to the retention times the species remain separated 
under the given conditions. The inorganic species, however, show some peak tailing.  
 
5.7.5 LC-ESI-MS-MS of the Se-compounds 
 
The same standard solutions were used as mentioned previously. As the real samples to be 
measured  will consist of extremely complex matrices it is important to measure the species 
as selective and sensitive as possible. A compound present in a complex biological matrix 
can be identified by combining the retention time, the mass of the molecular ions and the 
fragment ions. Information on the fragment ions can be obtained by measuring in multiple 
reaction monitoring mode (MRM) (§ 3.3.4). By these measurements, the species can be 
identified when their fragment ions are determined. For Se-Met 5 transitions can be 
measured according to the 5 product ions present in its spectrum (Figure 5.6): MRM 198-
181; resembling the transition in which NH3 is lost; MRM 198-152: loss of CO and H2O; MRM 
198-135: loss of CO, H2O and NH3; MRM 198-109: CH3SeCH2+; MRM 198-102: 
NH3CH(COOH)CH2CH2+. For Se-(Cys)2 only one transition can be measured according to 
the product ion detected in its mass spectrum: MRM 337-248, corresponding to a loss of 
NH2CH(COOH)CH3. The product ion spectrum of Se-Cya (NH2CH2CH2Se-SeCH2CH2NH3+) 
also only displayed one fragment ion, the resulting transition to be measured is MRM 249-
204: the loss of NH2CH2CH3. Se-MeSeCys is characterized by 4 product ions resulting in the 
measurement of 4 different transitions: MRM 184-167: loss of NH3; MRM 184-149: loss of 
NH3 and H2O; MRM 184-123: loss of CO, NH3 and H2O and MRM 184-95: corresponding to 
the ion SeCH3+. The resulting chromatograms are shown in Figure 5.11. 


















































































































Figure 5.11: LC-ESI-MS-MS chromatograms of Se-Met, Se-(Cys)2, Se-Cya and  
Se-MeSeCys. 
 
From these chromatograms, it is clear that by using LC-ESI-MS-MS all fragment ions can be 
measured leading to the identification of a compound. These data demonstrate the ability of 
the method to measure all precursor ion/ product ion pairs of the molecules of interest. Se-
Met and Se-MeSeCys give rise to enough product ions to be able to identify the compound. 
In the case of Se-(Cys)2 and Se-Cya, however, things are different. One fragment ion might 
not be enough for unequivocal identification. In Chapter 7 the use of the isotopic profile of Se 
in the identification of Se-compounds in complex matrices will be shown.  
 
5.7.6 Stability study 
 
Another important factor in speciation analysis is the risk for species transformation. This 
should be avoided at any time. Because formic acid is added to the samples in order to have 
a better ion formation, these solutions should be tested. This was done by measuring them 
directly after addition of the formic acid, 24 h and 48 h later. The solutions were then 
measured with ICP-MS for determination of the total concentration to detect if part of the Se-
species might have been volatilized and with LC-ICP-MS to detect whether some 
compounds were transformed. It seemed that neither volatilization nor transformation of the 4 
compounds occurred under these conditions.  
 
5.8 Limits of detection for the Se-compounds measured with LC-ESI-MS 
 
The limits of detection were determined via SIR measurement of all compounds under their 
optimized conditions. A 1% formic acid solution was used as a blank. The limits of detection 
were calculated according to the 3 x sblank (concentration/signal) criterion. The Se-standards 
were determined in standard conditions (50% acetonitrile) and in real mobile phase 
conditions (0.01% TEACl + 2% MeOH). Standard solutions of all compounds were made in a 
concentration of 500 µg l-1 in a 1% formic acid solution. The elution was done over an XTerra 
MS C18 guard column (i.d. 3.6 mm, L: 2 cm) at a flow rate of 0.8 ml min-1 with a flow split of 
40:60. Ten µl aliquots were injected. The results are shown in Table 5.5. 
 
Table 5.5:  Limits of detection (µg l-1) for the Se-standards under different mobile phase 
conditions. 
 
 50% acetonitrile 0.01% TEACl + 2% MeOH 
pH 4.5 
Se-Met 8.8 26 
Se-(Cys)2 2.2 22 
Se-MeSeCys 3.6 37 
Se-Cya 4.5 19 
Se(IV) 45 58 
Se(VI) 25 72 
 
The results in this table clearly show the influence of the composition of the mobile phase on 
the results. For all compounds, limits of detection are worse in 0.01% TEACl+ 2% MeOH 
than in standard conditions. For some compounds the influence can even be up to a factor 
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Se-speciation in S. cerevisiae: 


























































Today, the nutraceutical market is overwhelmed by the presence of a variety of Se-
supplements. They are provided under different forms and doses and promoted as healthy, 
anticarcinogenic and beneficial for the cardiovascular system. Two different groups can be 
distinguished: those in which Se is supplemented together with other trace elements and 
those that are sold purely for their Se content. The latter are mostly yeast-based 
supplements and have been subject to several extensive studies as was presented in 
Chapters 2 (§ 2.9.3) and 4 (§4.3). In this chapter, the previously described methods (Chapter 
5) were applied for the characterization of the main species present in several commercially 
available Se-supplements. Both organic and inorganic forms of Se are added by the 
manufacturers to the yeast (Saccharomyces cerevisiae) medium. For people living in Se-
depleted areas, the intake of Se-supplements might indeed be beneficial, but more 
information on the form should be available. There is an urgent need for efficient analytical 
methodology for the detection and identification of Se-species in these supplements to proof 
their validity and identify possible falsifications and fraud. Many attempts have been made to 
characterize the relevant species, but to date few species were identified (Chapter 4). In the 
attempts, sample clean-up was of great importance. The species had to be preconcentrated 
prior to identification. This work shows how extremely time-consuming sample clean-up 
procedures, which are not without risk as to species transformation, can be avoided by using 
the previously described hyphenated techniques. 
 
These results were published as: 
 
E. Dumont, K. De Cremer, M. Van Hulle, C.C. Chéry, F. Vanhaecke, R. Cornelis: Identification of the 
major selenium compound, Se-Methionine, in three yeast (Saccharomyces cerevisiae) dietary 
supplements by on-line narrowbore liquid chromatography-electrospray tandem mass spectrometry, J. 




Unless otherwise stated chemicals, instrumentation, sample preparation and instrumental 




Protease from Streptomyces griseus was obtained from Sigma-Aldrich (Bornem, Belgium). 
The yeast based Se-supplements were: SelenoPrecise (100 and 200 µg tablets) from 
Pharma Nord (Velje, Denmark), SeACE (200 µg tablets) from Wassen (Surrey, England) and 





Instrumental neutron activation analysis (INAA) for determination of the total Se 
concentration in yeast supplements was performed by irradiation in the Thetis nuclear 
reactor (University of Ghent). All samples were irradiated for 60 s at a neutron flux of 1012 
n.cm-2.sec-1. The 79Se radioisotope with a half life of 3.92 min and gamma energy of 95.9 keV 
was measured with a Ge-Li detector (model 7229 Canberra series, Meriden, Conn., U.S.A.).  
The shaking hot water bath was a Julabo SW22 from VWR (Belgium). The microwave 




Prior to extraction, the Se-supplements were grounded to a homogenized powder, using a 
coffee mill. Several extraction procedures have been described for the analysis of Se-
compounds in yeast [Diaz Huerta V., 2003], [Larsen E.H., 2004], [Polatajko A., 2005], [Uden 
P.C., 2002], [Wolf W.R., 2001], [Yang L., 2004]. Three different extraction procedures were 
used during this study. One was based on enzymatic digestion by use of protease. The 
proteolytic digestion in which approximately 20 mg of protease was added to +/- 0.2 g of 
supplement  in 15 ml Milli Q water was placed in a shaking (150rpm) hot water bath (37°C) 
for 24 h in the dark. Other ways to extract the species, were to extract the grounded Se-
supplement either with water (50°C) or with protease (37°C) without shaking. To an 0.2 g 
yeast sample, 15 ml of Milli Q water was added and the sample was placed in a shaking hot 
water bath (50°C, 150 rpm, 24 h, dark). This procedure was a water based extraction. The 
water extraction and the proteolytic digestion without shaking were only done for the 
SelenoPrecise supplement. As will be shown later on, these methods of extraction were not 
as efficient as the proteolytic digestion in the shaking bath. After extraction, the samples 
were centrifuged at 6800 x g and the supernatant was filtered through an 0.2 µm pore 
syringe filter. The filtrate was frozen at -20°C till analysis. The recovery of Se was calculated 
versus the total concentration in the supplements determined with INAA. 
 




The matrices of the supplements are quite complex, containing many biomolecules, which 
form a rich source of carbon. Due to the high carbon content of the extracts, the parameters 
for ICP-MS measurements were set as in Table 6.1. As was seen in Chapter 3 (§ 3.3.5.1) 
this is very interesting in combination with an elevated RF power of the ICP-MS instrument to 
enhance sensitivity. The parameters for measurement in the on-line mode, where LC is used 
as the introduction system are also given in Table 6.1. 
 
Table 6.1: Instrumental parameters for measurement of Se by ICP-MS in real samples. 
 
 PN-ICP-MS LC-ICP-MS 
Scanning mode Peak hopping Peak hopping 
Dwell time 100 ms 500 ms 
Sweeps/ reading 100 1 
Readings/replicate 1 1 
Replicates 5 1 
Points per spectral peak 1 1 
Measurement time 1.75 min 15 min 
Power 1200 W 1200 W 
Plasma gas flow 15 l min-1 15 l min-1 
Auxillary gas flow 0.8 l min-1 0.8 l min-1 
Nebulizer gas flow 1.07 l min-1 1.07 l min-1 
Sample introduction flow rate 0.75 ml min-1 0.75 ml min-1 
Signals monitored 71Ga+, 82Se+ 82Se+ 
 
6.4.2 Total Se-concentration in the tablets 
The INAA experiments were done in 3-fold on the original supplements. According to these 
experiments the total concentration of Se in 2 types of SelenoPrecise, SeACE and Bioplex 
tablets were for SelenoPrecise: 328 +/- 3 µg Se g-1 and 165 +/- 2 µg Se g-1 (according to the 
supplier: 332 µg Se g-1 and 166 µg Se g-1 and equalizing an amount of 192 and 96 µg Se per 
tablet (the values are for the 200 and 100 µg tablets stated by the manufacturer), for SeACE: 
415 +/- 4 µg g-1 (corresponding to 190 µg Se per tablet) and for Bioplex: 140 +/- 1 µg Se g-1 
(equalizing 24.9 µg Se per tablet), respectively. The values found with INAA measurements 
were in good accordance to the values supplied by the manufacturers.  
 
6.4.3 Total Se-concentration in the extracts 
For total Se determination in the extracts, PN-ICP-MS was used. Since Se in the extracts is 
present under different forms, it is necessary to convert all compounds to the same extent. 
Besides, the more sensitive the detection is the better, as real samples might contain only 
low amounts of the element. When comparing the LODs of HG-AFS (§5.2.3) and ICP-MS 
(§5.3.3), it is clear that the LODs for Se are up to a factor 10 better when measurements are 
done with ICP-MS. Moreover, variation of the signal between Se(IV) and the inorganic 
compounds was as high as 50% in the case of HG-AFS. For this reason, it was decided not 
to measure total Se concentration with HG-AFS in the extracts in which the identity of the 
species is not known. Therefore, PN-ICP-MS was applied since this technique converts all 
species to the same extent, no matter the nature of the original compound. Measurement of  
Se in the different Se standards with PN-ICP-MS showed that the signal of the organic 
compounds varied from that of the inorganic compounds to a maximum of 2.5%. This 
variation is attributable to fluctuations of the ICP-MS signal. Some organic standards gave a 
higher signal, while others gave a lower signal compared to the inorganic standards. For the 
determination of Se, a 1 ml aliquot of the yeast extract was diluted in 0.14 M HNO3 to 25 ml. 
An internal standard was necessary, since the Se signal is susceptible to positive influence 
of the carbon content (§3.5.1). The recoveries of Se were calculated versus the 
concentrations measured with INAA. The extraction efficiencies for SelenoPrecise were: 19 ± 
1% for water based extraction; 66 ± 1% for proteolytic digestion in a hot water bath (37°C) 
and 86 ± 1% for proteolytic digestion in a shaking hot water bath (37°C). The extraction 
efficiencies for SeACE and Bioplex after proteolytic digestion in a shaking hot water bath 
(37°C) were: 78 and 57 +/- 1% respectively. It was clear that Se is released from yeast to a 
larger extent by proteolytic digestion in a shaking hot water bath. The question is, however, 
which species are extracted, and, whether these species are the original compounds or 
transformations thereof. Therefore, identification of the species in the different extracts was 
necessary. 
 
6.5 Separation and detection of the Se-species in yeast-based supplements 
 
6.5.1 Analysis of the water-based extraction 
 
A 100 µl aliquot was brought onto the XTerra column and the Se-signal was measured with 


























Figure 6.1: Chromatogram of a water extract of the Se-supplement SelenoPrecise. 
 
In this chromatogram, several species can be distinguished, however, none of them can be 
related to any commercial available standard (see Fig 5.5 upper chromatogram). The 
species observed here are also very low in intensity and hence this extract can not be used 






6.5.2 Analysis of the proteolytic digestions 
 
Further analyses were done with ICP-MS detection. The results were the same as in the 
case of LC-HG-AFS, but as stated in Chapter 5, the LC-ICP-MS coupling and handling was 
much more straightforward.  The species extracted from SelenoPrecise, SeACE and Bioplex 

































































Figure 6.2: Chromatograms of the proteolytic digestions of three different yeast-based Se-
supplements. 
A 100 µl aliquot of each sample was injected on the column. 
The amount of Se present under the Se-Met form differs from supplement to supplement. For 
SePrecise, SeACE and Bioplex the % of Se-Met was calculated to be 91.3%, 77.4% and 
85.7% respectively. 
In all these chromatograms, one major peak can be distinguished, eluting at the retention 
time of Se-Met. Some other smaller compounds were also detected, but their intensity is too 
small to identify them. Although the major peaks co-elute with a Se-Methionine standard, this 
is not enough for identification [Francesconi K.A., 2005]. The matrix is extremely complex 
and the Se-signal is enhanced by carbon. There might even be a chance that another Se-
compound co-elutes with Se-Met without our knowledge. Further information is needed in 
order to characterize this molecule in the different yeast-supplements. The same 
chromatogram was obtained for the extraction procedure without the use of the shaking 
function. The compound extracted was only present in a slightly lower degree compared to 
the chromatograms shown in Fig. 6.2. 
 
6.5.3 Detection of species stability and species transformation  
 
Prior to the further identification, another focus should be on the stability of the species in the 
extracts. First to consider is Se-Met. The question arises whether this compound is stable 
when extracted. Therefore, Se-Met (100 µl of a 100 mg l-1 solution) was added to a yeast 
sample (SelenoPrecise) and the yeast and Se-Met were treated with protease (37°C, 24h, 
150 rpm). The resulting chromatograms showing the Se-species in a SePrecise extract and 
in the spiked SePrecise sample are shown in Figure 6.3 (detection with HG-AFS). It was 





















SePrecise SePrecise + Se-Met  
Figure 6.3: Chromatogram showing the stability of a Se-Met standard for the proteolytic 
action. 
 
The stability of the species under certain conditions of preservation has been called into 
question. Part of the extract based on proteolytic digestion in a shaking water bath was 
preserved in the freezer at –20°C for 3 weeks. Another part of the same extract was kept at 
4°C for 3 weeks. Afterwards, the extracts were brought onto the column under the same 
separation and detection conditions as mentioned earlier. The chromatogram of the extract 
kept at -20°C did not differ from the one shown in Figure 6.2. The chromatogram of the 



















Figure 6.4: Chromatogram of an enzymatic digest of SePrecise preserved at 4°C for 3 
weeks. 
 
From the chromatogram of the extract preserved at 4°C for 3 weeks it is clear that severe 
species transformation occurs when the sample is kept at this temperature. At the tR of Se-
Met (9.5 min, Figure 5.5 upper chromatogram (HG-AFS detection)), there is still a peak, but 
new peaks arise at retention times: 5.3 min, 7.3 min and 11.3 min. Therefore, for further 
experiments, samples were preserved at –20°C and only be defrosted just prior to analysis. 
 





According to the results obtained for the Se-Met standard (§ 5.5.3.2 and 5.6.6), it should be 
possible to identify the Se-compound by measurement in SIR mode of its molecular ion and 
measurement of the transitions from the precursor ion to the product ions in MRM mode. 
This was impossible: neither the molecular ion, nor any of the product ions could be 
measured in any yeast sample even at injection volumes up to 100 µl. It seemed that the use 
of the conventional LC column (4.6 mm i.d. operating at a flow rate of 0.8 ml min-1) hampered 
the identification. The flow split applied in the analysis of the standard solution and resulting 
in a loss of sensitivity did not give any problems in the analysis of the standards, but resulted 
in the inability to measure the Se-compounds in real samples. A column with a smaller 
internal diameter was used instead (XTerra MS C18 L: 25 cm, i.d. 2.1 mm, 5 µm particles, 
guard column: i.d.: 2.1 mm, L: 2 cm). The flow rate was determined according to equation 3.4 
and was set at 160 µl min-1 (theoretically 167 µl min-1). When comparing this with the flow 
rate introduced in the ESI probe when using a flow split after the conventional column (320 µl 
min-1) this can only enhance the electrospray process. Furthermore, smaller injection 
volumes could be used to introduce the sample (10 µl), still enabling the detection of the 
appropriate m/z and transitions.  
 
6.6.2 LC-ESI-MS of the Se-compound in yeast 
 
The first attempt was to detect the molecular ion of Se-Met in the yeast based supplements. 
This was done by setting the appropriate parameters according to those mentioned in Table 
5.4. To all extracts formic acid was added (final concentration: 1%) and the samples were 
filtered through an 0.2 µm pore syringe filter. The chromatograms obtained after selected ion 

































Figure 6.5: SIR chromatogram of m/z 198 measured in the enzymatic extracts of SePrecise, 
SeACE and Bioplex. 
 
From these chromatograms, it can be seen that at the retention time of Se-Met, a peak can 
be distinguished for all extracts, but many peaks could be observed in the chromatogram. 
This shows how complex the matrix really is, since these chromatograms show only the ions 
with a mass to charge ratio of 198 and already many peaks can be distinguished. It is clear 
that the measurement of the m/z ratio alone is far from sufficient in the identification of the 
Se-species in such complex samples. The need arises to use further molecular information 
by analysis of the product ions typically formed from Se-Met. 
 
6.6.3 LC-ESI-MS-MS of the main Se-compound in yeast 
With the information obtained earlier from the product ion spectra (Figure 5.6), it is possible 
to monitor the transitions of a specific molecule by measuring in the MRM mode. In the 3 
different extracts, the 5 possible precursor ion/product ion transitions for Se-Met were 
measured. A 10 µl aliquot of the filtered sample in a 1% formic acid solution was injected. 
Similar experiments with the analytical column (i.d. 4.6 mm) showed a lack of sensitivity, 
since only 2 product ions could be measured, those from the 2 most abundant fragments 
(181 and 152) in Figure 5.6. Therefore, experiments were done on the microbore Xterra MS 
C18 column (i.d. 2.1 mm) coupled to the electrospray probe. Sensitivity was enhanced. LC 
and ESI-MS-MS settings were as in Table 5.4 and § 5.7.3.3. In Figure 6.6, the LC-ESI-MS-
MS chromatograms are given for the extracts of the three different yeast samples. In these 
chromatograms we can see for SelenoPrecise, SeACE and Bioplex that the MRMs of all 
transitions: 198→102, 198→109, 198→135, 198→152, 198→181 can be measured with 
sufficient sensitivity. MRM of transition 198-102 is characteristic for Se-Met since Se is lost 
during this fragmentation step. It is also obvious that some of the transitions occur at a tR of 
Se-Met and additionally at another tR. These peaks correspond to molecules having the 
same m/z, loosing a fragment of the same mass, but do not contain Se (according to the LC-
ICP-MS chromatograms). The reason for this is that biomolecules have many equal 
functional groups (e.g. NH3, COOH,…) which can all be lost during fragmentation. This again 
demonstrates the difficulty of analysis in such complex matrices. This can lead to quite 
complex chromatograms in which the peak from Se-Met is sometimes difficult to distinguish, 
as is the case for Bioplex. These results were also verified by standard addition of Se-Met. It 
is obvious from these results (the retention time matching, SIR and MRM measurements), 

































































































Figure 6.6: LC-ESI-MS-MS: MRM measurements of the typical fragments of Se-Met in 
SelenoPrecise (upper), SeACE (middle) and Bioplex (bottom). 
 
6.6.4 Limits of detection for LC-ESI-MS-MS 
 
The limits of detection for this method were determined in MRM mode as this is the most 
sensitive mode to measure. Standard solutions of Se-Met, Se-MeSeCys, Se-(Cys)2 and Se-
Cya were made in a concentration of 1 and 10 mg l-1  (and 25 mg l-1 in case of use of TEACl) 
in the mobile phase and 1% formic acid was added. The separation conditions were as 
mentioned above. Different conditions were examined: the difference in LOD for separation 
with and without TEACl and the influence of the matrix. To analyze the influence of the matrix 
a lyophilized yeast sample was used. This yeast was grown under standard conditions and 
hence did not contain any additional Se. This yeast sample was submitted to proteolytic 
digestion as described in § 6.3. A standard solution of Se-Met (as this was the only 
compound of interest here) was made in the yeast proteolytic digest with addition of 1% 
formic acid  in a concentration of 25 mg l-1 and subsequent filtration through an 0.2 µm pore 
syringe filter. The limits of detection were measured in all the possible MRMs for each 
respective compound and are shown in Table 6.2. 
 
Table 6.2: Limits of detection (µg compound l-1) for the Se-standards under different 
conditions. 
 
  In water  In yeast  
  2% MeOH 0.01% TEACl 
+ 2% MeOH 
2% MeOH 0.01% TEACl 
+ 2% MeOH 
Se-Met MRM 198-181 61 1.8 103 / / 
 MRM 198-152 32 8.8 102 4.5 102 1.3 103 
 MRM 198-135 1.3 102 4.3 103 1.6 103 1.4 104 
 MRM 198-109 37 3.4 103 1.8 103 6.9 103 
 MRM 198-102 11 4.8 102 2.1 102 5.1 103 
Se-MeSeCys      
 MRM 184-167 2.1 102 1.6 102   
 MRM 184-149 1.3 103 3.2 103   
 MRM 184-123 3.2 102 1.8 103   
 MRM 184-95 58 6.7 102   
Se-(Cys)2      
 MRM 337-248 1.1 103 4.5 103   
Se-Cya      
 MRM 249-204 56 7.5 102   
 
The limits of detection not only vary from compound to compound, but also from transition to 
transition. For instance, LODs of Se-Met vary up to a factor 10 depending on which transition 
is measured (MRM 198-102 versus MRM 198-135 in water). The values in this table can be 
interpreted as follows: for all compounds and all MRMs (except MRM 184-167 of Se-
MeSeCys) it is clear that the use of TEACl results in higher LODs by a factor 3 to 30. It can 
be concluded from this that the use of TEACl should be avoided whenever possible 
(Chapters 8 and 10). The influence of the yeast matrix is shown in the second half of the 
table. The results for MRM 198-181 are not shown since the blank yeast solution showed a 
peak at the retention time of Se-Met for this transition. Both in MeOH and MeOH with TEACl 
as the mobile phase, the signal is seriously suppressed by the presence of the yeast matrix. 
When MeOH is used as the mobile phase, the LOD can be up to a factor 60 higher. When 
the mobile phase is 0.01% TEACl + 2% MeOH the LOD can be a factor 10 worse. The 
overall influence of mobile phase and matrix can be as high as a factor 100 (MRM 198-135 
for Se-Met). From these data, it is obvious that serious problems will arise when the Se-
compounds have to be measured in real samples. Nevertheless, the method presented here 





The method was successfully applied for the analysis of the different steps in and 
optimization of the enrichment of yeast with Se. This was done in cooperation with the 
University of Liège (Faculty of Agricultural Sciences Gembloux). 
The method allowed the follow up of the fermentation process and the incorporation of Se in 
the yeast proteins during fermentation.  
 
6.7.1 Sample description and extraction 
 
The samples to be analysed were: the supernatant after 0 h, 22 h and 41 h of fermentation 
and the resulting lyophilized yeast (22 h and 41 h fermentation). Se(IV) was added to the 
growth medium in a concentration of 290 µg g-1 yeast. All yeast samples were dried, 
grounded and thoroughly mixed in order to obtain a homogenized mixture. The total Se-
concentration in the yeast samples was determined as follows: to an 0.2 g aliquot, 5 ml of 
HNO3 and 1 ml of H2O2 were added (gallium was used as an internal standard). The samples 
were microwave digested according to the programme: 1 min at 250 W, 1 min at 0 W, 5 min 
at 250 W, 5 min at 400 W and finally 5 min at 650 W.  The total Se concentrations were 
measured in 3-fold and were: 302.0 µg g-1 +/- 2.8% and 143.4 µg g-1 +/- 0.6% for yeast after 
22 and 41 h of fermentation, respectively. The lower value after 41 h of fermentation is 
explained by the larger biomass produced and was in accordance to the expectations from 
total mass determinations. 
The Se-species in the yeast were extracted with enzymes. For the proteolytic digestion, 
approximately 40 mg of protease and 3 ml Milli Q water were added to an 0.2 g aliquot of the 
yeast samples, the mixture was shaken at 150 rpm for 24 h at 37°C in the dark. In order to 
check whether Se was also present in the supernatant and whether it was protein bound or 
not, 20 mg protease was added to 2 ml of the supernatant and treated via the standard 
procedure for proteolytic digestion.  
 
6.7.2 LC-ICP-MS analyses of the yeast during the fermentation process 
 
The LC-ICP-MS conditions are as mentioned before. Ten µl aliquots were injected onto the 
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tR = Se(IV)
 
Figure 6.7: LC-ICP-MS chromatograms of the proteolytic digest of  
the yeast supernatants at time 0 h, 22 h, 41 h. 
 
The supernatant after 0 h of fermentation shows a huge peak at the retention time of Se(IV) 
which was to be expected since at that time no Se could be incorporated yet in the yeast. 
After 22 and 41 h, hardly any Se(IV) could be detected in the supernatant. Some smaller 
peaks appeared at other retention times but it is clear that this is only a small amount and 
that the majority of the Se should be looked for elsewhere. 
Analyses of the proteolytic digests of the lyophilized yeast are shown in Figure 6.8. The 
upper part shows the analyses of the yeast after different times of fermentation, the lower 
part shows the standard addition of Se-Met to the yeast fermented during 41 h. Apart from 
the peak co-eluting with Se-Met, a smaller peak is observed close to the dead volume. A 
higher amount of the compound was present in the fermentation product after 22 h in 
accordance to the total Se determinations. Up till now, we were unable to determine the 






































Se-Met p41 + Se-Met p41  
Figure 6.8: LC-ICP-MS chromatograms of the proteolytic digests of the yeast samples at 22 
h and 41 h (upper chromatogram), standard addition of Se-Met at 41 h (lower 
chromatogram). 
 
LC-ESI-MS chromatograms are to complex to detect the Se-Met solely on its molecular ion 
and retention time. LC-ESI-MS-MS analyses were applied for the identification of the major 
peak present in the proteolytic digests of the fermented yeast. The conditions were as 
described for the determination in yeast supplements. In Figure 6.9,  the results are shown 

































Figure 6.9: LC-ESI-MS-MS chromatograms of the detection of Se-Met in yeast fermented for 
22 h. 
 
Only 3 MRMs could be detected for Se-Met: MRM 198-181, MRM 198-152 and MRM 198-
109. The intensity of the peaks was far lower than for the supplements and hence the 2 other 
transitions could not be measured. This is not surprising as the highest LODs in the presence 




From the above illustrated results, it can be concluded that all Se(IV) added is taken up by 
the yeast cells after 22 h. Further fermentation does not incorporate more Se since the 
Se(IV) was already depleted. The yeast was clearly able to take up concentrations of 302 µg 
Se g-1 yeast without disturbing the growth of the yeast. Higher amounts might hence be 
added.  
 
6.8 Overview and conclusion 
 
The combination of LC-ICP-MS and LC-ESI-MS-MS has proven to be successful in the on-
line identification of Se-Met in yeast based supplements. In order to meet the needs of these 
analyses, the use of a conventional column had to be replaced by a microbore column for 
ESI-MS-MS detection. The method can be applied in follow-up analyses during the 
production of Se-enriched yeast. Furthermore, the method can be used in the battle against 
fraud and falsifications in the world of the ‘nutraceuticals’. A schematic overview of the 
approach used for the identification of the main Se-compound in yeast is presented in Figure 
6.10.  
Protease XIV, 37°C, 24h
supernatant
LC-ICP-MS LC-ESI-MS-MS
0,01% TEACl + 
2% MeOH
0,01% TEACl + 
2% MeOH
tR = Se-Met
m/z 198  
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Se-speciation in B. excelsa: 




























































Being aware of the favorable influence Se-species may have on our organism, it is important 
to know which dietary sources of this element are most beneficial. Although there is an 
ample choice of Se-supplements, we focus on natural sources of Se in this chapter.  
Brazil nuts (Bertholletia excelsa), are known to be one of the products with the highest Se 
content. The soil on which the tree grows is of great importance, since the Se-content of the 
nuts is highly dependent on the amount of Se in the soil (Chapter 2 § 2.8.4). Brazil nuts have 
been the subject of several investigations and the main conclusion is that the major Se-
compound in Brazil nuts is Se-Met; being it only elucidated on the basis of retention time 
matching with LC-ICP-MS [Bodo T.J., 2003]. To our knowledge, only one research group 
attempted to characterize several Se-species by obtaining molecular information 
[Vonderheide A., 2002], but only after sample preconcentration and in off-line mode.  
The ability of identifying Se-species in natural food sources might even be of greater 
importance than in supplements. In the present chapter, the method described in Chapters 5 
and 6 was applied to identify the Se-species in Brazil nuts. Some adaptations of the method 
were, however, necessary. It will be shown that the on-line method based on the use of LC-
ICP-MS and LC-ESI-MS-MS allows the screening of food sources such as Brazil nuts and 
garlic (see Chapter 8) for their Se-compounds.  
 
These results were published as: 
 
E. Dumont, L. De Pauw, F. Vanhaecke, R. Cornelis: Speciation of Se in Bertholletia excelsa (Brazil 














The LC-ICP-MS measurements were done as described in Chapter 6. The LC-ESI-MS-MS 
experiments were performed on an XTerra MS C18 column (L.: 25 cm, i.d.: 2.1 mm, 5 µm 





The matrix of Brazil nuts is quite complex (66-67% fat, 14% proteins and 13% of 
carbohydrates). As the fatty part is known to be Se-free, it was of interest to remove all lipids 
prior to further analysis [Vonderheide A., 2002]. The nuts were first unshelled and pealed, so 
only the white nut was left over. The nuts were then ground in order to obtain a greater 
surface for fat extraction, which was done with a MeOH/CHCl3 1:2 mixture. The ground nuts 
with the MeOH/ CHCl3 were shaken at room temperature for 30 min and filtered over a glass 
fiber filter using a vacuumpump. The residue was dried prior to analysis. All fat could be 
removed. The residue was ground with a coffee mill and thoroughly mixed in order to get  a 
homogenized sample. For enzymatic digestion, an 0.4 g aliquot of defatted nut was treated 
with 40 mg of protease XIV and 3 ml Milli Q water. The mixture was placed in a shaking hot 
water bath at 37˚C for 24 h in the dark at 150 rpm and subsequently centrifuged. The 
supernatants were kept at -20˚C until analysis. 
The total Se content of the supernatant of the enzymatic digests was analyzed by ICP-MS in 
3 fold. The extraction efficiency was calculated against the total Se content of the nuts and 
yielded 73.7% +/- 2.5 % (n=3).  
 
7.4 Total Se-concentration in Brazil nuts 
 
Two types of Brazil nuts were examined: one type originating, according to the labelling, from 
Bolivia, was bought in a local Belgian supermarket. These nuts were sold without the shell. 
Another type originated from Brazil (Diamond nut type) and was bought in a supermarket in 
the United States. These nuts were still in their shell. Prior to analysis the nuts were (shelled 
if necessary) peeled and ground in a coffee mill. An 0.4 g aliquot was transferred into a teflon 
vessel, 5 ml of concentrated HNO3 and 1 ml of H2O2 were added. Gallium (50 µg l-1) was 
added as internal standard for ICP-MS measurements. The samples were microwave 
digested according to the programme described in § 6.7.1. The digests were diluted with Milli 
Q water prior to analysis with ICP-MS.  
Determination of the total Se concentration in both types of Brazil nuts was done in 10 fold. 
Calibration was accomplished by the standard addition method. The nuts sold without shell 
contained  5.1 µg Se g-1 +/- 10.6 %. The nuts sold with shell contained 49.9 µg Se g-1 +/- 6.4 
%. The shells were not examined as this was already investigated by Vonderheide et al.. It 
seemed from their experiments that the shells were very low in Se content [Vonderheide A., 
2002]. The nuts from Brazil (those bought in their shell) thus contained 10 times more Se 
compared to those from Bolivia. It was decided from these experiments that only these Brazil 
nuts (Diamond type) would be used for further experiments.  
 
7.5 LC-ICP-MS for measurement of the species distribution in Brazil nuts 
 
A 10 µl aliquot of the proteolytic extract was brought on the column and eluted. The 82Se+ 
isotope was monitored. In the chromatogram, two peaks could be distinguished: one at tR= 
Se-(Cys)2 and one at tR= Se-Met. This was verified by standard addition of Se-Met and Se-
(Cys)2. The result can be seen in the chromatograms of Figure 7.1. It is clear that these two 
species of the nuts co-elute with the respective standards. However, as we only have 
elemental information, molecular information is mandatory for unequivocal elucidation of the 








































































Figure 7.1: LC-ICP-MS chromatograms of the proteolytic extract of Brazil nuts: standard 
addition of Se-Met (left) and Se-(Cys)2 (right). 
 
The amount of Se present in the extract was divided mainly over Se-(Cys)2 (2.8%) and Se-
Met (95.4%). The remaining part was divided over several other minor compounds, hardly 
detectable by ICP-MS. 
 
7.6 Identification of the Se-compounds in Brazil nuts 
 
7.6.1 Detection of Se-Met 
 
The concentration of Se in the Brazil nuts (5-50 µg g-1) is lower compared to that of the Se-
supplements (200-400 µg g-1). Moreover, the Se is distributed over different species. So 
problems might arise concerning detection limits and influence of the matrix on the ESI-MS(-
MS) performance. LODs in the presence of the Brazil nut matrix could not be determined due 
to the fact that all Brazil nuts contain naturally high amounts of Se. At first, an attempt was 
made to monitor the mass to charge ratio (m/z) of the molecular ion of Se-Met in the extract. 
Prior to analysis, formic acid was added to the sample (final concentration: 1%) and the 
sample was filtered through an 0.2 µm syringe filter. A 10 µl aliquot of the extract was 
brought on the column which was coupled to the electrospray probe. ESI and MS parameters 
were as described earlier. We tried to demonstrate the presence of Se-Met 
(+NH3CH(COOH)CH2CH2SeCH3) by monitoring m/z 198 in the positive ion mode. The LC-




















Figure 7.2: LC-ESI-MS chromatogram of  the Brazil nut enzymatic digest. 
In this chromatogram, we can see a peak of m/z 198 at tR= Se-Met, but there are many other 
peaks present with the same m/z at other retention times. It is obvious that the matrix is very 
complex and that further molecular information is necessary. The product ions of Se-Met 
could be demonstrated in ESI-MS-MS mode. The product ions were measured by monitoring 
the transitions of 198-181; 198-152; 198-135; 198-109 and 198-102 in MRM mode. From all 
these transitions, the transition of 198-102 is specific for a Se–molecule since a Se-fragment 
is lost. The other fragments are common fragments to be lost in biomolecules. In Figure 7.3, 
the chromatogram of all transitions is shown. From this chromatogram, we can see that all 
product ions can be monitored on-line by LC-ESI-MS-MS. Se-Met is a main compound of the 

































Figure 7.3: LC-ESI-MS-MS of the proteolytic digest of Brazil nuts: detection of Se-Met. 
 
7.6.2 Detection of Se-(Cys)2 
 
It was demonstrated that Se-(Cys)2 (m/z 337) (NH2(COOH)CHCH2Se-
SeCH2CH(COOH)NH3+) gives rise to only one product ion in ESI-MS-MS (Chapter 5). Due to 
the complexity of the matrix, this might be insufficient to unequivocally characterize the 
molecule. Therefore, in an attempt to demonstrate the presence of Se-(Cys)2, the isotopic 
pattern of Se was used. To monitor the m/z of Se-(Cys)2, 2 different masses were measured: 
m/z 337 and m/z 335, which correspond to 80Se80Se and 80Se78Se. Other combinations of 
Se-isotopes are also possible as discussed in Chapter 3 (§ 3.3.5.2). The abundance of these 
two molecular ions was calculated to be 28.8 % and 25.2% (§ 3.3.5.2).  The LC-ESI-MS 
chromatogram in which m/z 337 and 335 are measured, is shown in Figure 7.4. In this 
chromatogram we can see more peaks of m/z 337 and 335, amongst which two peaks at the 
retention time of Se-(Cys)2. The observed relative abundance of the 2 molecules with 
different isotopic composition did not match the calculated relative abundance. Due to the 
complexity of the matrix, it might be that another compound of m/z 337 is eluting at the same 
retention time of Se-(Cys)2 resulting in a higher signal of the latter and leading to erroneous 





















SIR 337 SIR 335
tR = Se-(Cys)2
 
Figure 7.4: LC-ESI-MS chromatogram of the molecular ion of Se-(Cys)2 in Brazil nuts. 
 
More information was obtained by measuring the transitions of 337-248 and 335-246, 
corresponding to the loss of NH2CH(COOH)CH3 in MRM-mode. In the chromatogram in 
Figure 7.5, we observe the presence of both transitions at the retention time of Se-(Cys)2. 
From this figure, we can also see that the peak surfaces are almost equal to each other as 

























Figure 7.5: LC-ESI-MS-MS chromatogram: MRM of Se-(Cys)2 in Brazil nuts. 
 
7.7 Overview and conclusion 
 
In this chapter the power of hyphenating LC to both elemental and molecular mass 
spectrometry was once more demonstrated in the speciation of Se. Indeed the speciation of 
Se in Brazil nuts is a hard nut to crack, but there are ways to overcome the specific 
problems. It was shown that the total Se concentration in these nuts depends on the 
geographical origin. The main compounds present in the matrix after proteolytic digestion are 
Se-(Cys)2 and Se-Met, the latter being the major compound. From a dietary point of view, it 
can be stated that Se-intake can also be accomplished by consumption of Brazil nuts instead 
of supplements. Half a nut a day already exceeds the criteria for the RDA (§ 2.6.4). As was 
stated in Chapter 2 (§ 2..4.2 and 2.9.4.3), the cultivation of the Brazil nut tree, depends on 
teamwork of many factors in the ecosystem. Hence supplementation via the Brazil nut might 
be hampered by shortage of supply (§ 2.9.4.3). The question remains, however, whether the 
Se in Brazil nuts is as accessible to the human body as the Se from the supplements. This 
topic will be discussed in Chapter 9. Whenever limited molecular information is present on a 
Se-compound, its isotopic profile is of great help in the identification. An overview of the 
analytical strategy and results is given in Figure 7.5. 
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Se-speciation and garlic: 














































Till now, the methods described in Chapters 5 through 7 were only used for food sources 
incorporating Se in proteins. Se-accumulators follow another pathway (§2.9.5), and hence it 
would be of interest to detect and identify their species in a way as efficient as was done for 
the supplements and Brazil nuts. The importance of Se-accumulators and in particular the 
Allium genus is not to be underestimated. The fact that these plants protect themselves from 
toxicity by not incorporating the Se into their proteins is very relevant. Recent studies have 
implicated apoptosis as one of the plausible mechanisms of the chemopreventive effects of 
Se-compounds to neutralize reactive oxygen species induced by various stimuli. Se-
MeSeCys, one of the most effective chemopreventive agents between the Se-compounds, 
was demonstrated to induce apoptosis in HL-60 cells [Jung U., 2001]. The anticarcinogenic 
effects of Se have been associated with certain Se-metabolites such as methylselenol 
(CH3SeH). The relationship and mechanism by which Se-supplementation may reduce the 
risk of certain cancers is not fully understood, neither is the metabolism and role of Se-
MeSeCys and γ-glu-SeMeSeCys. The proposed metabolic pathway for these compounds in 
the human body is shown in Figure 8.1 [Goenaga-Infante H., 2005]. The strong 
anticarcinogenic properties of Se-MeSeCys and γ-glu-SeMeSeCys are probably related to 
the fact that they are directly converted to methylselenol, the major detoxification compound. 
Other Se-amino acids like Se-Met and Se-Cys are first converted to Se2-, which can than 
either be incorporated in the proteins or methylated to methylselenol. Further research is, 
however, needed to unravel the complete mechanism of both Se-MeSeCys and γ-glu-Se-














Figure 8.1: Schematic representation of the proposed metabolism of Se-MeSeCys and γ-
glu-Se-MeSeCys in the human body. 
 
So far, the elucidation of several compounds described in the literature was based on 
retention time matching with standard solutions or off-line ESI-MS-MS determinations which 
required several sample clean-up steps [McSheehy S., 2000], [Ogra Y., 2005]. Another 
approach is the analysis of highly enriched garlic by elevating the Se concentration in the 
plant to such an extent that it becomes measurable. This can lead to fault images of the real 
sample as was shown by Kotrebai et al. [Kotrebai M., 2000] (§2.9.5.2.1). Although the 
previous method was shown to be powerful in speciation analysis in different food sources, 
its efficiency in the determination of Se-species in Se-accumulators should still be proven. Till 
now, Se-standards (Se-Met and Se-(Cys)2 for determination in supplements and Brazil nuts)  
were commercially available for their determination. As will be demonstrated in this chapter, 
even lack of standards can lead to unequivocal identification of the compounds. The 
versatility of this on-line method is once again demonstrated, avoiding the need of 
synthesized standards and elaborate sample clean up.   
 
These results are published as: 
 
E. Dumont, Y. Ogra, F. Vanhaecke, K.T. Suzuki, R. Cornelis: Liquid Chromatography-Mass 
Spectrometry: A powerful combination for Se-speciation in garlic (Allium sativum), Anal. Bioanal. 




Unless otherwise stated all chemicals, methods and instrumentation were as described in 
Chapters 5-7. 
The garlic (Allium sativum) sample was purchased from Phytoselenium research laboratories 
(Kumamoto, Japan). Five hundred milligrams per m2 of barium selenite and barium selenate 
were added once ( at the start of the experiment) to the soil on which the garlic was grown. A 







Figure 8.2: Scheme of the cultivation frame. 
 
The garlic was planted in the autumn of 2001 and was harvested in the summer of 2002 
[Ishiwata Y., 2004]. The garlic samples were kept at -20°C until further treatment/analysis. 
For speciation analysis, the garlic cloves were peeled, lyophilized and ground to powder in a 
coffee mill. The powder generated from 7 different cloves was thoroughly mixed in order to 




The garlic powder was submitted to both a water extraction and an enzymatic digestion, in 
order to check whether the Se in the sample was really not protein-bound. To approximately 
2.5 g of freeze-dried selenized garlic powder, 20 ml of Milli-Q water were added. The mixture 
was placed in a shaking hot water bath at 50°C, at 150 rpm for 8 h and at 50°C at 150 rpm 
for 24 h. For the proteolytic digestion, 20 mg of protease was added to an 0.2 g garlic aliquot, 
3 ml of Milli Q water was added and the mixture was shaken at 37°C for 24 hours at 150 rpm. 
The extracts were centrifuged and their supernatant was filtered through a syringe filter. The 
filtrate was kept at -20°C until analysis.  
 
8.4 Determination of the total Se-concentration 
 
The total concentration of Se in garlic was determined in the same way as for the Brazil nuts 
(§ 7.4). The total Se concentration in the fresh Se-garlic was 28 µg Se g-1 wet weight +/- 21% 
(n=5). The total Se content of the lyophilized selenized-garlic was 96 µg Se g-1 +/- 17% 
(n=5). The large biases might be due to the inhomogeneity of the product itself ( a garlic 
clove consists of several parts, the composition of the middle part from where a new shoot 





Figure 8.2: Cross section of a garlic clove: evidence for inhomogeneous Se distribution. 
 
The spread in Se over a single clove and between cloves has never been documented. A 
substantial inhomogeneity in Se is evident, notwithstanding the thorough mixing of the 
material prior to analysis. The Se extracted during the hot water extraction of the lyophilized 
garlic was 102 µg Se g-1 +/- 27% (n=3). All Se can thus be extracted from the garlic. 
 
 
8.5 LC-ICP-MS of the garlic extracts 
 
Although later on in this chapter the use of TEACl will be avoided, it was absolutely 
necessary to use it during the LC-ICP-MS experiments, the first step in determining which 
species might exist in the hot water extract. Since both Se(IV) and Se(VI) can be present, the 
ion pairing agent is needed. Once the presence of Se(IV) and Se(VI) is excluded, TEACl can 
be removed from the mobile phase. On monitoring the Se-species in the extract, several 
compounds could be distinguished, of which some were co-eluting with Se-standards. The 
resulting chromatogram is shown in Figure 8.3. A compound eluting close to the dead 
volume co-eluted with Se-(Cys)2, the second compound with Se-MeSeCys and the third 
compound with Se-Met (the shifts in tR compared to the chromatograms in Chapters 5-7 are 
due to the different injection system: Äkta purifier LC and the use of formic acid which is 
explained later). A major compound was eluting later in the chromatogram and its 
chromatographic behaviour under the conditions applied was strange. Severe peak tailing 
was observed, while the peak tended to shift from sample to sample while peak splitting was 
another concern. This led to the supposition that: either several compounds were extracted, 
or only one compound was present under two different forms. As there was evidence for this 
compound to be the dipeptide: γ-glutamyl-Se-MethylSelenoCysteine (γ-glu-SeMeSeCys) 
[McSheehy S., 2000], its behaviour might be due to charge differences. The dipeptide was 
present in  2 different forms due to its pI value and the pH value of the extract. By using 
TEACl as a positively charged ion pairing agent, one form was affected by the ion pairing 
agent and the other one was not. This behaviour was previously observed in a γ-glu-Se-
MeSeCys standard solution by Kotrebai et al. [Kotrebai M., 2000]. This problem was solved 
by adding formic acid to the sample solutions (final concentration: 1%, which was previously 
used only for the enhancement in ion formation in ESI-MS measurements), a common agent 
added in reversed phase separation of peptides. Under these conditions, the compound 
eluted at tR= 590 s and its chromatographic profile was acceptable and stable. The last 
eluting compound was the major compound in the extract and contributed for 49.7% of the 
total Se in the hot water extract. Se-MeSeCys, Se-Met and Se-(Cys)2 contributed for 28.8%, 
15.5% and 6.0%, respectively. Analysis of the proteolytic extract revealed 2 small peaks at 







































Figure 8.3: LC-ICP-MS chromatogram of the garlic hot water extract. 
 
8.6 Limits of detection for species determination with LC-ESI-MS-MS 
 
Research on Se-species in other matrices revealed that the limits of detection are highly 
influenced by the presence of interfering compounds in the matrix. Se-Met, Se-MeSeCys, 
Se-(Cys)2 and Se-Cya standards were made in 2 concentrations: 1 mg l-1 and 10 mg l-1, 
dissolved in Milli-Q water and to improve ionization, formic acid was added to the solution 
(final concentration 1%). Ten µl was injected on the XTerra column. Two different mobile 
phases were used, the first one consisted of 0.01% TEACl + 2% MeOH (pH adjustment with 
formic acid to a value of 4.5), the other mobile phase consisted of 2% MeOH (pH adjustment 
with formic acid to a value of 4.5). LODs were also measured in garlic samples. Therefore as 
a blank, commercially available garlic powder (bought at a local supermarket) was used. 
Total Se determination showed that the Se content of this product was below the detection 
limit of ICP-MS (<0.14 µg l-1, which means the Se concentration in this garlic is < 2.4 ng g-1 
dry weight). Se-Met, Se-Cya, Se-MeSeCys and Se-(Cys)2 were added to a hot water extract 
of this garlic powder in a concentration of 25 mg l-1 each with addition of formic acid (1%). 
The species were eluted with 2% MeOH at a pH of 4.5.  
Limits of detection with LC-ESI-MS-MS were determined by measuring Se-Met via 5 
transitions: MRM 198-181, MRM 198-152, MRM 198-135, MRM 198-109, MRM 198-102. Se-
MeSeCys was measured on its 4 product ions, resulting from the transitions: MRM 184-167, 
MRM 184-149, MRM 184-123 and MRM 184-95. Se-(Cys)2 and Se-Cya were measured via 
MRM 337-248 and 249-204, respectively. The LODs for measurement by ion pairing LC and 
reversed phase LC were already given in Table 6.2. This table shows that amongst the 4 
compounds, Se-(Cys)2 is forming the biggest challenge. The fact that this was also one of the 
minor compounds in the LC-ICP-MS chromatogram, made it impossible to detect this 
compound in any of the extracts by LC-ESI-MS-MS at this low level. 
To bring into chart the effect of the sample matrix, LODs of the 4 compounds were 
determined in the presence of a garlic extract (the one referred to higher as the blank matrix), 
with a Se-concentration below the detection limit of the ICP-MS and consequently also of 
ESI-MS(-MS). The experiments were only done under reversed phase conditions to present 
a clear and fair picture of the matrix effect. The results are shown in Table 8.1.  
 
Table 8.1: Limits of detection (µg compound l-1) of Se-species by LC-ESI-MS-MS 
measurements in water and in a garlic hot water extract. 
 
  In water In garlic 
extract 
Se-Met    
 MRM 198-181 60 / 
 MRM 198-152 32 / 
 MRM 198-135 1.3 102 3.4 102 
 MRM 198-109 37 1.2 102 
 MRM 198-102 11 1.3 102 
Se-MeSeCys    
 MRM 184-167 2.1 102 / 
 MRM 184-149 1.3 103 4.6 102 
 MRM 184-123 3.2 102 1.8 102 
 MRM 184-95 58 1.8 102 
Se-(Cys)2    
 MRM 337-248 1.1 103 2.1 103 
Se-Cya    
 MRM 249-204 56 47 
 
Two transitions for Se-Met are not mentioned: MRM 198-181 and MRM 198-152. When 
measuring these MRMs in a blank sample (containing only a garlic extract and formic acid), 
these transitions could be measured, although their intensity was negligible compared to the 
intensity they have in a  garlic sample naturally containing Se-Met. The signals measured are 
due to biomolecules giving rise to the same product ions but lacking Se. On the other hand, 
the blank garlic powder is only a substitute for the real sample. The garlic used for speciation 
analysis is grown under different conditions and its matrix might be slightly different from that 
of the blank and hence may lack the above mentioned interfering compounds. The effect of 
the garlic extract on the detection of the species leads to a LOD which is 3-10 times worse 
for Se-Met, depending on the transition measured. For Se-(Cys)2 the LOD differs by a factor 
of 2 and for Se-Cya, no harmful influence is observed. For Se-MeSeCys, the LOD for MRM 
184-167 was not mentioned due to the fact that this transition could be measured on the 
retention time of Se-MeSeCys in the blank sample. For the other transitions no trend is 
observed in the LODs. For MRM 184-149 and 184-123 there is a positive influence of the 
garlic matrix, while for MRM 184-95 it is the other way around. It seems that the garlic matrix 
has also an influence on the detection of the species, be it positive or negative, depending on 
the species and the transition measured.  
 
8.7 LC-ESI-MS-MS: identification of the Se-species in garlic 
 
8.7.1 Determination of γ-glu-SeMeSeCys 
 
As described previously, γ-glu-SeMeSeCys is a dipeptide in which the glutamyl moiety is 
linked to Se-MeSeCys via its carboxylic acid group in the γ-position (Figure 8.4). As no 
standard is available of γ-glu-SeMeSeCys, parameters for ESI-MS-MS operation can not be 
optimized for this specific compound. Due to the Se-MeSeCys moiety in the dipeptide, 
parameters shown to be optimum for this compound (Chapter 5, Table 5.4 and § 5.7.3.3) 
were used for measurement of the dipeptide. The conditions were as follows: capillary 
voltage: 3.2 kV; cone voltage 18 V; collision energy 20 eV; cone gas flow rate: 50 l h-1; 
desolvation gas flow rate: 650 l h-1; Photomultiplier voltage: 650 V; Source temperature: 
120°C; Desolvation temperature: 350°C. Originally, the mobile phase consisted of 0.01% 
TEACl + 2% MeOH at pH 4.5. This was changed into 5% MeOH at pH 4.5 without any 
change on the elution order of the compounds, but with substantial reduction in peak tailing 
and an enhanced ESI-MS-MS signal. The use of TEACl was not necessary since no 
inorganic Se was present and the retention of the dipeptide did not alter under the above 
described conditions. Selected ion recording measurements of the dipeptide did not give 
good chromatograms. Due to the complexity of the matrix many compounds having the m/z 
ratio of γ-glu-SeMeSeCys (m/z 313, corresponding to 80Se) were detected (the same was 
true for other isotopes: 78Se (m/z 311 and 82Se (m/z 315)). γ-Glu-SeMeSeCys (m/z 313) 
(Figure 8.4) is characterized by some typical fragments produced after collision induced 
dissociation, some of them being common to Se-MeSeCys. Product ions are anticipated 
following the loss of NH3, CO, H2O, the glutamyl moiety or the Se-MeSeCys moiety. These 
were also the fragments observed by McSheehy et al. in a garlic sample after extensive 
sample clean-up [McSheehy S., 2000]. The compound with indication of the fragments is 



















Figure 8.4: Structural formula of γ-glu-SeMeSeCys with indication of the fragments. 
The transitions to be measured were:  
MRM 313-296: loss of NH3,  
MRM 313-250: loss of NH3, H2O and CO,  
MRM 313-224: loss of COOHCH(NH2)CH2,  
MRM 313-184: loss of the glutamyl part,  
MRM 313-167: loss of glutamyl and NH3,  
MRM 313-130: loss of Se-MeSeCys moiety,  
MRM 313-84: loss of CO and H2O from the glutamyl part.  
Some fragments are very typical for this dipeptide as they include the loss of the glutamyl or 
the Se-MeSeCys moiety, with or without additional loss of a smaller more common fragment. 
In Figure 8.5  (upper chromatogram) the transitions starting from m/z 313 for the compounds 
containing 80Se (theoretical isotopic abundance of 49.61%) are shown. All transitions can be 
measured. To be completely sure of the identity of the compound, the isotopic pattern of Se 
can assist in its identification as Se is part of the molecule. Se has 6 naturally occurring 
isotopes: 74Se, 76Se, 77Se, 78Se, 80Se and 82Se. The product ions typical for a Se-compound 
can thus be measured on different isotopes. The same transitions were hence measured on 
fragmenting the molecular ion with m/z 311 (78Se: isotopic abundance 23.78%) via collision 
induced dissociation. The transitions to be measured are: MRM 311-294, MRM 311-248, 
MRM 311-222, MRM 311-182, MRM 311-165, MRM 311-130 and MRM 311-84. The last 2 
MRMs have the same product ions as for m/z 313 since these product ions do not contain 
Se. In Figure 8.5 (middle chromatogram) the results of these measurements are shown.  
MRM 311-294 and MRM 311-84 could not be detected in the sample. Both transitions 
already showed a low intensity when focusing on 80Se. This is not unexpected as with 78Se, 
the abundance of the ions is now only half that of those with 80Se, as a result of the lower 
isotopic abundance of 78Se (23.78%). In Figure 8.5 (lower chromatogram) the transitions are 
shown for measurement of the product ions starting from the molecular ion with m/z 315 
(82Se: isotopic abundance 8.73%): MRM 315-169, MRM 315-130, MRM 315-186, MRM 315-
226 could be measured. It was impossible to measure the other transitions due to a lack in 
sensitivity. The presence of all these product ions on 3 different isotopes of Se leads to the 
conclusion that the last eluting compound in the LC-ICP-MS chromatogram is γ-glu-
SeMeSeCys. The method was adapted and extended as to detect the dipeptide without any 











































































































Figure 8.5: LC-ESI-MS-MS chromatogram of γ-glu-SeMeSeCys: detection on 80Se (upper), 
78Se (middle), 82Se (lower). 
 
Most other research groups identify a compound by looking at the typical Se-isotopic pattern 
in a spectrum from the sample, obtained by using ESI-MS in the off-line mode. When the 
mass is known, the compounds are identified by fragmenting the molecular ion and 
identifying the fragments after a product ion scan. These scans need to be done over a large 
range of mass-to-charge ratio and hence sensitivity is lost. The major drawback of this 
approach is, however, that extensive sample preparation is needed.   
The method described in this work is much more sensitive. This was clear when a full scan 
was done for the range of the elution time 12-13 min, the retention time interval where γ-glu-
Se-MeSeCys elutes) and no Se-isotopic pattern was observed. A product ion scan at the 
retention time where γ-glu-Se-MeSeCys elutes was done. No product ions attributable to γ-
glu-Se-MeSeCys were observed in the full spectrum of this time interval. This proves that the 
method discussed here is very sensitive in detecting and characterizing Se-compounds 
without the need for extensive and elaborate sample clean-up. 
 
8.7.2 Determination of Se-MeSeCys  
 
Optimum conditions for detection of Se-MeSeCys were described previously and are the 
same as those used for detection of γ-glu-SeMeSeCys. Se-MeSeCys is characterized by 4 
product ions with m/z: 167, 149, 123 and 95. The results for the measurements in garlic are 
shown in Figure 8.6. 


































Figure 8.6: LC-ESI-MS-MS chromatogram of the transitions of Se-MeSeCys in garlic. 
 
Two peaks can be observed in all chromatograms. One small peak is observed at tR= 4.7 
min, a second major peak is detected at all transitions at tR= 7.2 min. The Se-MeSeCys 
standard elutes at 4.7 min and hence it can be concluded that the minor peak is from Se-
MeSeCys (the retention time is different compared to the analysis in Figure 5.10, since the 
chromatographic conditions for LC-ESI-MS-MS determination have been changed for 
measurements in garlic). There is no need to measure on different isotopes since a Se-
standard of this compound is available and elutes at the same retention time (4.7 min). When 
no Se-standard would have been available, the isotopic pattern of Se would have revealed 
the true tR of Se-MeSeCys. The peak at tR= 7.2 min is another biomolecule giving rise to the 
same product ions, but with no Se present, as could be concluded from the LC-ICP-MS 
measurements. 
 
8.7.3 Determination of Se-Met  
 
Se-Met was previously detected by this method in several yeast-based Se-supplements 
(Chapter 6) and in Brazil nuts (Chapter 7). In both of these food sources, Se-Met was the 
major compound present in the extracts and hence, its concentration was much higher. In 
the hot water extract of garlic, Se-Met accounts for only 15.5% of the total Se. The 
concentration of Se-Met in the garlic is estimated to be 15.5 µg g-1 dry weight, the 
concentration of Se-Met in the garlic extracts was calculated to be approximately 2 mg l-1. 
When looking at the detection limits, one can see that because of this low concentration, it is 
absolutely mandatory to use the most sensitive approach for the LC-ESI-MS-MS 
determination, since LOD values in this mode are only ten times below the estimated 
concentration in the garlic extracts. The transitions were all measured on the 80Se isotope. 
The resulting chromatograms are shown in Figure 8.7. All product ions could be measured 
with sufficient sensitivity. The compound eluting at tR= 380 s in the LC-ICP-MS 







































Figure 8.7: LC-ESI-MS-MS: detection of Se-Met in garlic. 
 
8.8 Overview and conclusion 
 
The previously described method was further extended and adapted for compounds of which 
no standard is commercially available. The use of the isotopic pattern of the molecule was 
demonstrated to be very helpful. The fact that Se-MeSeCys and γ-glu-Se-MeSeCys are the 
major compounds in garlic and that they exert some anticarcinogenic properties makes them 
of interest for further speciation studies. The way Se-Met and Se-Cys are metabolized in the 
human body is now well examined. The metabolism of Se-MeSeCys and γ-glu-SeMeSeCys 
remains mysterious. Knowledge of the structures of the metabolites is, however, of the 
utmost importance and hence form an interesting topic for further speciation analysis. An 
overview of the analytical approach followed for the analysis of the Se-compounds in garlic is 
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In vitro gastrointestinal experiments: 














































Several food sources, natural and enriched, were examined for their total Se concentration 
and their species. A diversity of species was demonstrated in Se-supplements, Brazil nuts 
and garlic (Chapters 6-8). Se-Met was shown to be present as the major compound in Se-
supplements and Brazil nuts. The latter also contained Se-(Cys)2. The species identified in 
garlic were: Se-Met, Se-MeSeCys and γ-glu-SeMeSeCys. A topic of major concern is, 
however, whether these species can be easily extracted by the human body and if so 
whether they are stable in the conditions prevailing during human digestion. This is 
especially important for clinical and nutritional studies, since it is the final compound present 
in our body that is important. Although Brazil nuts and yeast-based Se-supplements contain 
both Se-Met, it is necessary to learn if both forms are equally accessible to humans. In the 
case of garlic, the presence of Se-MeSeCys and γ-glu-SeMeSeCys is of interest due to their 
anticarcinogenic properties [Ip C., 1993, 1994a and b, 1995, 1996, 2000 a and b]. In order for 
humans to benefit from these properties they should remain stable during the digestion 
process. Previously, in vitro gastrointestinal digestions of Se-species in cooked cod have 
been reported by Crews et al. [Crews H., 1996]. During recent years this approach gained in 
popularity, especially in research about Se in fish (see § 9.4.1). Identification till now was 
solely based on retention time matching with LC-ICP-MS measurements [Cabanero A.I., 
2004]. 
Basically, it is not because a certain compound is taken, that it is this compound which is 
finally available for absorption by the blood stream. Moreover, compounds not extractable 
with water or proteolytic digestion might be extracted from their matrix by the gastrointestinal 
fluids. The bioavailability of an element is dependent on different factors: first of all the 
characteristics of the element, but also the composition of the diet, the conditions in the body 
and notably in the digestive tract [Fairweather-Tait S., 2002]. Prior to the determination of the 
Se-products excreted via the urinary tract and the compounds present and incorporated in 
proteins in our blood, attention should be paid to the digestion. This should give an indication 
concerning the compounds that are extracted or transformed and the species that can be 
excreted or absorbed by our body. The availability for absorption is also dependent on the 
chemical form in which it is presented to our bloodstream [Fairweather-Tait S., 1999]. 
Selenium absorption is in the range of 50-100 % for inorganic and organic forms [Basu T.K., 
2003]. Some factors like vitamins A, C and E enhance the absorption of Se by our body. 
Other factors like excess phytates and metals (mercury) inhibit the absorption. The Se 
absorbed is then bound to proteins, which carry the element to the tissues, where it is 
converted to Se-Cysteine [Basu T.K., 2003].  
The three different Se-supplements, Brazil nuts and garlic were submitted to in vitro 
gastrointestinal digestions. Conditions in our digestive tract are quite extreme (low pH of the 
stomach: pH 1.2, presence of enzymes and microbial activity) and might not only lead to 
species transformation but also to degradation, so that they are no longer absorbed in their 
original form. Species stability was tested in the presence of the enzyme pepsin, which is 
partly responsible for the digestion of proteins, and of HCl at low pH (simulated gastric 
digestions). The major function of the intestinal tract is to continue the breakdown of food and 
to absorb the food. In this section the action of the enzyme pancreatin and the influence of 
change in pH on the Se-species is investigated (simulated intestinal digestions). 
 
These results were published as: 
E. Dumont, F. Vanhaecke, R. Cornelis: Hyphenated techniques for speciation of Se in in vitro 
gastrointestinal digestions of Saccharomyces cerevisiae. Anal. Bioanal. Chem., 2004, 379, 504-511 
 
E. Dumont, L. De Pauw, F. Vanhaecke, R. Cornelis: Speciation of Se in Bertholletia excelsa (Brazil 
nut): A hard nut to crack?, Food Chem., 2006, 95, 684-692 
 
E. Dumont, Y. Ogra, F. Vanhaecke, K.T. Suzuki, R. Cornelis: Liquid Chromatography-Mass 
Spectrometry: A powerful combination for Se-speciation in garlic (Allium sativum), Anal. Bioanal. 




Unless otherwise stated the chemicals, instrumentation and procedures are as described in 
the previous chapters. 
 
9.2.1 Chemicals and materials 
 
Pepsin from porcine gastric mucosa and pancreatin from porcine pancreas were from Sigma 
(Bornem, Belgium). KH2PO4 was purchased from Vel (Leuven, Belgium). NaOH was from 
Carlo Erba (Milan, Italy). The 5 ml polypropylene test tubes used in the simulation of the 




The experimental conditions for LC, ICP-MS and ESI-MS(-MS) were as those used for the 
same food source (Chapters 6-8). The LC-ICP-MS conditions were the same for all samples. 
The LC system differed as sometimes the Äkta purifier was used in the case of garlic, and in  
other cases a LC pump model 625 from Alltech (Deerfield, Il., U.S.A.) equipped with a 6 way 





9.2.3 Sample preparation 
 
For the in vitro experiments, simulated gastric fluid (SGF) (prepared according to the 
procedure described in the Pharmacopeia [U.S. Pharmacopeia, 2000]) was produced by 
dissolving 2 g of NaCl and 3.2 g of pepsin in 7 ml of 12 M HCl. This mixture was diluted to 1 
liter with Milli Q water, the final pH was 1.2. The simulated intestinal fluid (SIF) was also 
prepared according to the procedure described in the Pharmacopeia [U.S. Pharmacopeia, 
2000] and consisted of adding 77 ml of 0.2 M NaOH solution and 500 ml of Milli Q water to 
6.8 g KH2PO4 in 250 ml Milli Q water. Finally, 10 g of pancreatin was added and the mixture 
was made up to 1 liter, the pH was 6.8.  
 




In first instance, the Se-standards were submitted to gastric and intestinal digestion, in order 
to test how each single Se-standard reacted in this environment of simulated gastric and 
intestinal fluids. This was done by adding 2 ml of SIF or SGF to 1 ml of a 50 mg Se l-1 
solution of the Se-standards: Se-Met, Se-(Cys)2, Se-MeSeCys, Se-Cya, Se(IV) and Se(VI). 
These samples were placed in a shaking hot water bath (200 rpm) at 37˚C. For all standard 
solutions the mixtures were placed in the hot water bath during 0 min, 15 min, 30 min, 1 h, 2 
h, 4 h, 8 h, 16 h, 24 h and 48 h. The samples were filtered through an 0.22 µm syringe filter 
and stored at -20˚C until analysis. As mentioned in Chapter 6, these conditions of storage do 
not lead to species transformation.  
 
9.3.2 Total Se-determination 
 
Total Se-concentrations were determined with PN-ICP-MS. Ga was added as an internal 
standard. The Se-standard solutions were diluted 200 times prior to analysis in order to be 
sure to avoid signal enhancement from the matrix. The Se-standard solutions treated with 
SGF and SIF demonstrated that for Se-Met and Se-(Cys)2, the total Se recovery after 
digestion was 90-95% for both SGF and SIF treatment. For the inorganic compounds, the 
recovery for both digestions was 95-100%. For Se-Cya and Se-MeSeCys, the recoveries 
were somewhat lower, 80% and 70%, respectively. This might be due to volatile Se-
compounds formed during digestion. All these measurements were done for all extractions 




9.3.3 LC-ICP-MS measurements of the in vitro digestions of the Se-standards 
 
All digestions were screened for their Se-species. The digestions of the standard solutions 
were diluted 20-fold, and 10 µl aliquots were injected onto the column. The resulting 
chromatograms are shown in Figure 9.1.  
























































































































































































































Figure 9.1: LC-ICP-MS of the Se-standards: Se-Met, Se-(Cys)2, Se-Cya, Se-MeSeCys 
treated with SIF and SGF for 24 hours. 
 
The chromatograms presented in Figure 9.1, are those for the 24 hour treatment. All 
chromatograms for the other extraction times were similar. Se-Met showed a small peak 
close to the dead volume of the system after treatment with both SIF and SGF. All other 
compounds did not show any species transformation. The signal for Se-Cya and Se-
MeSeCys was remarkably lower as was to be expected from the lower recoveries. It can be 
concluded that the 4 organic compounds remain stable during in vitro gastrointestinal 
digestion. 
 
9.3.4 Limits of detection for LC-ESI-MS-MS: influence of SGF and SIF 
 
Se-Met, Se-MeSeCys, Se-(Cys)2 and Se-Cya standards were made in 2 concentrations: 1 
mg l-1 and 10 mg l-1. They were dissolved in Milli-Q water and/or SGF or SIF. To improve 
ionization, formic acid was added to the solution (final concentration 1%). Ten µl was injected 
on the XTerra column. The species were eluted with 2% MeOH at a pH of 4.5. The results 
are shown in Table 9.1. 
 
Table 9.1: Limits of detection (µg compound l-1) for Se-standards in water, SGF and SIF by 
LC-ESI-MS-MS measurements. 
 
  In water In SGF In SIF 
Se-Met     
 MRM 198-181 60 3.5 102 84 
 MRM 198-152 32 86 1.1 102 
 MRM 198-135 1.3 102 4.6 102 3.8 102 
 MRM 198-109 37 3.6 102 1.1 103 
 MRM 198-102 11 94 96 
Se-MeSeCys     
 MRM 184-167 2.1 102 6.8 102 2.9 102 
 MRM 184-149 1.3 103 1.8 103 8.4 102 
 MRM 184-123 3.2 102 9.6 102 2.6 102 
 MRM 184-95 58 2.1 102 2.2 102 
Se-(Cys)2     
 MRM 337-248 1.1 103 1.5 102 1.2 102 
Se-Cya     
 MRM 249-204 56 40 48 
 
For Se-Met, the influence is highly dependent on the transition measured. The LOD can be 
up to a factor 10 higher in SGF and SIF. The Se-(Cys)2 and Se-Cya signals are not 
quenched when measured in SGF or SIF solutions. Depending on the transition, the LODs 
for Se-MeSeCys can be up to a factor 5 higher. Although the influence does not seem so bad 
as the influence in case of for instance the yeast (Table 6.2) and garlic matrices (Table 8.1), 
it should be kept in mind that the signal suppression in ESI-MS-MS will be due to a 
combination of the extraction medium and the matrix of the analyzed sample.  
 
9.4 In vitro gastrointestinal digestions of Se-supplements 
9.4.1 Introduction 
 
The only other report on the in vitro gastrointestinal digestion of Se-supplements came from 
the group of Cámara. They monitored volatile organoselenium compounds created during 
simulation of the digestion process of inorganic Se in supplements. Dimethylselenide, 
dimethyldiselenide, diethylselenide and an unidentified compound accounted for 0.05% of 
the total Se. They also observed in accordance to our findings presented in this chapter, that 
pasteurized yeast containing mainly Se-Met is much more stable under the simulated 
conditions, with only 0.0014% of the total Se-amount being volatilized during simulated 




The yeast tablets (SelenoPrecise and SeACE) were grounded to a homogenized powder. 
The capsule of Bioplex was first removed and the powder inside was treated as such. To an 
0.06-0.1 g aliquot of the supplement, 2 ml of SGF or SIF was added. The mixtures were 
treated in the same way as the standard solutions. After the simulated digestion, the yeast 
extracts were centrifuged and the supernatant was filtered and stored at -20˚C until analysis. 
As in our body intestinal digestion follows gastric digestion, it is necessary to check whether 
the sequence of the experiments has an impact on the final results. Therefore additional 
samples were prepared. To an 0.1 g aliquot of the supplement, 2 ml of SGF was added and 
the sample was treated as described previously for 3 h (which is the normal time food 
spends in the stomach). The supernatant was removed and stored for analysis. The residue 
was dried and 2 ml of SIF was added. The sample was treated for 24 h and the supernatant 
was stored for analysis.  
 
9.4.3 Total Se-determination 
 
Total Se was determined with PN-ICP-MS, therefore the samples were diluted 100 times. Ga 
was added as an internal standard. The experiments with Bioplex were limited to the analysis 
of the total concentration of Se in the different extracts. The recoveries of Se were calculated 
against the total concentration of Se in the supplements, being: 165 +/- 2 µg Se g-1 (96 µg Se 
per tablet SelenoPrecise), 415 +/- 4 µg g-1 (corresponding to 190 µg Se per tablet SeACE) 
and 140 +/- 1 µg Se g-1 (equalizing 24.9 µg Se per capsule of Bioplex), respectively. The 
results are depictured in Figure 9.2. 
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Figure 9.2: Extractable portion of Se from Se-supplements when treated with SGF and SIF. 
 
The general trends in these diagrams are the same for the in vitro experiments with SGF and 
with SIF: the longer the yeast is treated with the simulated fluid, the more Se is extracted. 
The exceptional low value after 16 h treatment of Bioplex with SIF is probably due to 
experimental error. For SelenoPrecise, the extraction efficiency reaches approximately 80% 
of the total Se for both SGF and SIF treatment. For the SeACE, the recoveries reached 
approximately 55 % of the total Se in the tablets. This result was somewhat surprising, since 
vitamins A, C and E present in these tablets, are said to enhance selenium absorption [Basu 
T.K., 2003]. It might be that in the in vitro experiments the pepsin and pancreatin activity was 
partially used for digestion of these vitamins instead of the extraction of the selenium 
compounds. For Bioplex, the recovery was 60% for both SGF and SIF treatment. The same 
trend was observed as in SelenoPrecise and SeACE. The longer the mixture was treated 
with SGF or SIF, the more Se was liberated. The findings on the Se-recovery are important 
for bioavailability studies. They imply that Se from SelenoPrecise is more readily accessible 
to the body than is for instance Se in SeACE, being less efficiently extracted under the same 
conditions. 
 
9.4.4 LC-ICP-MS of the SGF and SIF extracts of the supplements 
 
All digests were screened for their Se-species. A 10 µl aliquot of every digest (SGF or SIF, 
SeACE or SelenoPrecise, 0 min-48 h) was measured. Only the results for the extraction 
based on 24 h in the shaking hot water bath (37°C), are shown in Figure 9.3. The 
chromatograms of all other extractions showed the same profile. The intensity of the peaks 
was, however, less, as could be anticipated from the results shown in Figure 9.2. 
Chromatogram A shows the Se-compounds extracted from SelenoPrecise with SGF 
treatment. In this extract, 3 peaks can be distinguished: one with tR = Se-Met, another with tR 
= Se-(Cys)2 and the smallest peak at a tR of approximately 450 s might correspond to Se(VI). 
This seems to be matched by the results of the standard addition experiments with Se(VI). In 
such a complex matrix, retention time matching with standards is, however, insufficient. 
Chromatogram B depicts the results for the extract of SelenoPrecise with SIF treatment. 
Three peaks can be observed: the tR of the major peak equals the tR of Se-Met, the other 
peaks might be Se-(Cys)2 and oxidized Se-Met: Se(O)Met.  
The result for SeACE after SGF treatment is shown in chromatogram C, where 2 peaks can 
be seen: the major peak again corresponding to Se-Met, the minor peak, (with a tR of 
approximately 190 s) is possibly Se-(Cys)2.  
Chromatogram D is the LC-ICP-MS chromatogram for SeACE treated with SIF. Again, Se-
Met seems to be the most abundant compound. The other peaks are somewhat more difficult 
to distinguish. Two other compounds, eluting at a tR of 190 s and a tR of 230 s appear in this 
matrix. It is obvious that separation and detection done by on-line LC-ICP-MS measurements 
is insufficient to fully characterize a molecule. Additional, preferably, molecular information is 
necessary to identify the molecules in a complex matrix. 
 































































































































Figure 9.3: LC-ICP-MS chromatograms of SelenoPrecise treated with SGF (A) and SIF (B) 
and of SeACE treated with SGF (C) and SIF (D). 
 
Evaluation of the species distribution reveals that in the SGF extract of SelenoPrecise, Se-
Met accounts for 40.4%, Se-(Cys)2 for 36.5% and Se(VI) for 20.1%, the rest of the Se being 
divided over minor amounts of several other compounds, which are hardly detectable by LC-
ICP-MS. In the SIF extract of the same tablet Se-Met accounts for 79.8%, whereas Se-(Cys)2 
and SeOMet contain 9.9 and 10.3% of the total Se, respectively. In the SGF extract of 
SeACE, Se-Met is present for 83.3% of the total Se and Se-(Cys)2 is good for 17.7% of the 
total Se extracted. In the SIF extract only Se-Met was detected, accounting for 55.1% 
revealing that many other compounds, so far not identified, are present in this digest. 
 
9.4.5 LC-ESI-MS-MS of the in vitro gastrointestinal digestions of the Se-supplements 
 
9.4.5.1 Detection of Se-Met 
 
LC-ICP-MS measurements showed that in all the extracts, the major compound extracted 
had a retention time equal to the tR of a Se-Met standard solution. Proof that the species 
eluting at this retention time is indeed Se-Met was given by on-line identification of this 
compound by hyphenation of a XTerra MS C18 column to ESI-MS-MS. To enhance ion 
formation the samples were dissolved in a 1% formic acid solution. The molecular ion of Se-
Met with structural formula: +NH3CH(COOH)CH2CH2SeCH3 can be measured at m/z 198 by 
selected ion recording (SIR). This approach provided chromatograms displaying more than 
one peak at m/z 198, amongst which a peak at tR = Se-Met. As a result of the complexity of 
the matrix, other biomolecules containing no selenium, but having m/z 198 might be present 
in the extracts. SIR is thus not sufficient for identification of a molecule present in such a 
complex matrix. Hence, it is very important to detect some of the product ions at the retention 
time of Se-Met for enabling complete characterization of the species. In Figure 9.4 the MRMs 
of Se-Met in both SGF and SIF treated SelenoPrecise and SeACE are depicted. All product 
ions could be measured: MRM of transition 198 → 181, MRM of transition 198 → 152, MRM 




































































































































Figure 9.4: LC-ESI-MS-MS chromatograms of SelenoPrecise treated with SGF (A) and SIF 
(B) and SeACE treated with SGF (C) and SIF (D): detection of Se-Met. 
 
Some other peaks are observed at different retention times, however, on the basis of the LC-
ICP-MS results, it is clear that these molecules do not contain Se. These are just compounds 
with the same m/z, giving rise to fragments of the same m/z. Some of the fragment losses 
(CO, H2O, NH3) are common fragments for various biomolecules. The fact that we are able to 
detect the product ions at m/z 102 contributes to the certainty that we are measuring Se-Met. 
This fragment ion includes the loss of a fragment containing Se, and is reliable for its 
identification, when it reflects the isotopic pattern of Se. This demonstrates how complex the 
yeast-, gastric- and intestinal fluid matrices are and how difficult it is to characterize a 
compound in such a mixture. It is important to note that Se-Met in the SGF and SIF extracts 
is determined by combination of LC-ICP-MS and LC-ESI-MS-MS. The MRMs of Se-Met are 
best observed in SelenoPrecise treated with SIF (which was to be expected from the LC-
ICP-MS data). Characterization of Se-Met in SeACE was less evident as a result of the many 
other compounds loosing the same fragments as Se-Met does. The MRMs corresponding to 
Se-Met are indicated with an arrow in Figure 9.4. 
 
9.4.5.2 Detection of Se-(Cys)2 
 
According to retention time matching, Se-(Cys)2 can be expected to be mainly present in the 
SelenoPrecise digestions. To characterize Se-(Cys)2, the m/z of the molecular ion can be 
measured at m/z 337 in the positive ion mode: NH2(COOH)CHCH2Se-
SeCH2CH(COOH)NH3+. This precursor ion has only one product ion at m/z 248, 
corresponding to a loss of NH2CH(COOH)CH3. As was demonstrated in the characterization 
of Se-Met, tR matching, m/z of the molecular ion and presence of one product ion only, may 
still be insufficient for unequivocal identification of this molecule as Se-(Cys)2. Another 
possibility for identifying compounds containing Se lies in  the isotopic pattern of Se. As was 
demonstrated in the identification of Se-(Cys)2 in Brazil nuts (§ 7.6.2), the isotopic pattern of 
Se can aid in the identification of this compound. The product ion can then be detected by 
monitoring MRM of transition 335 → 246. The SIR of m/z 337 and m/z 335 and the MRM of 
transitions 337 → 248 and 335 → 246 for Se-(Cys)2 in the SelenoPrecise sample digested in 
vitro by simulated intestinal fluid are presented in Figure 9.5. In the SIR chromatogram, 2 
peaks are observed, one of which occurs at the tR for a Se-(Cys)2 standard solution. In case 
of the peak at tR = Se-(Cys)2 it is clear that the ratio of the most abundant m/z and the second 
most abundant m/z do not match (28.8% and 25.2%). Below the SIR chromatograms in 
Figure 9.5, the MRMs are presented. Both MRM of transitions 337→ 248 and 335→ 246 can 
be detected. Also, here, the peak ratios do not correspond to the expected ratio. The 
fluctuation is, however, the same as for the SIR measurements and hence it is suspected 
that one of the isotopes leading to m/z 337 is interfered by a compound with the same m/z, 
giving rise to the same product ion. In the other matrices, we were not able to detect this 
compound, due to its low concentration. 
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Figure 9.5: Detection of Se-(Cys)2 in the SIF extract of SelenoPrecise by LC-ESI-MS-MS. 
 
9.4.5.3 Detection of Se-(O)Met 
 
In the literature, the presence of an oxidized product of Se-Met has been described [Larsen 
E., 2001]. This compound, SeOMet, contains an oxygen atom attached to the Se atom in the 
Se-Met molecule and has a m/z of 214 (molecular formula: 
+NH3CH(COOH)CH2CH2Se(O)CH3). Since the structure resembles the Se-Met structure to a 
large extent, the same product ions can be expected. The MRM transitions selected for 
identification of SeOMet in the SelenoPresice yeast treated with SIF (this sample was shown 
in Figure 9.3 to have the highest amount of this compound) were: 
MRM 214 → 197: loss of NH3, corresponding to the MRM 198 → 181 in Se-Met,  
MRM 214 → 168, loss of CO and H2O, corresponding to MRM 198 → 152 in Se-Met,  
MRM 214 → 151, loss of CO, NH3 and H2O, corresponding to MRM 198 → 135 in Se-Met, 
MRM 214 → 102: the ion NH2CH(COOH)CH2CH2+, resembling MRM 198 → 102 in Se-Met. 
ESI-MS-MS settings were equal to those for measuring the MRMs of Se-Met: capillary 
voltage: 3.15 kV, cone voltage: 22 V, collision energy: 15 eV. In Figure 9.6, these MRMs are 
shown. All product ions were detected. This led to the conclusion that the compound SeOMet 
is present in the SIF extract of SelenoPrecise. In the SeACE extracts, no SeOMet could be 
































Figure 9.6: Detection of SeOMet in the SIF extract of SelenoPrecise 
 
9.4.6 Analysis of the samples treated in sequence by SGF and SIF 
 
LC-ICP-MS and LC-ESI-MS-MS analyses of the SGF and SIF supernatants of the samples 
treated first with SGF and subsequently with SIF, revealed the same results. The same 
species could be distinguished in the respective samples. The amount of Se-Met detected in 
the SIF extract was, however, lower than the one measured in the SIF extract without 
previous treatment  with SGF, since part of the Se-Met was already extracted by SGF and 
removed in the SGF supernatant. 
 




As already stated Se bioavailability is dependent on the digestibility of the different Se-
containing proteins [Combs G., 2001]. The complexity of the matrix of Brazil nuts (66-67% 
fat, 14% proteins and 13% of carbohydrates), imposes close scrutiny of the behavior of the 
Se-species in the gastric and intestinal digestive tract. The analysis of the Brazil nuts 
(described in Chapter 7) required removal of all fat prior to further analysis. However, to have 
a clear picture of the digestibility and extractability of the Se-species from the nuts, the fat 
should not be removed. This means that we had to cope with an even more complex matrix 
and a lower concentration of the Se-species than in the previous analysis of these nuts.  
For the in vitro experiments, 3 ml of SGF or SIF were added to an 0.4 g aliquot of the 
grounded and mixed nuts. The mixture was placed in a shaking hot water bath at 37˚C for 0 
min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h and 24 h in the dark at 150 rpm. The solutions 
were centrifuged and the supernatant was kept at -20˚C until analysis. To an 0.4 g aliquot of 
the supplement, 2 ml of SGF was added and the sample was treated as described previously 
for 3 h (the normal time food spends in the stomach). The supernatant was removed and 
preserved for analysis. The residue was dried and 2 ml of SIF was added. The sample was 
treated for 24 h and the supernatant was preserved for analysis.  
 
9.5.2 Total Se-determination 
 
The total Se-concentration in the different extracts was determined by PN-ICP-MS and 
compared to the total Se concentration in the nuts: 49.9 µg g-1 +/- 6.4% (Chapter 7). In 
Figure 9.7, the amount of Se extracted from the Brazil nuts during gastric and intestinal 
digestion, are shown. For the gastric digestion, we can see that the longer the Brazil nut is 
treated with SGF, the more Se is extracted. For the intestinal digestion, results are quite 
different. The amount of Se extracted reaches a maximum very soon. The experiments with 
SIF were repeated 3 times and the results were reproducible. A possible explanation can be 
the presence of the high fat content. Even at the highest values obtained (16-18 µg g-1 Brazil 
nut equalizing 32-36% of the total Se-content) it is clear that the amount of Se extracted 
under these conditions is much lower than is the case during the digestions of SelenoPrecise 
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Figure 9.7: Extraction efficiency of Se from Brazil nuts treated with SGF and SIF. 
 
In our body, fats are digested through the action of liver and bile. As these steps are not 
included in our simulated digestion process, fats were not readily digested as they would 
have been in our body. Considering, however, that it was the intention of this research to 
mimic the conditions in our body as much as possible, it seemed pointless to defat the nuts 
prior to digestion. 
 
9.5.3 LC-ICP-MS of the in vitro gastrointestinal digestions of Brazil nuts 
 
The 24 h SGF and SIF extracts were filtered through an 0.22 µm pore filter prior to injection 
onto the column. The chromatograms for SGF and SIF digestions are shown in Figure 9.8. 
Similar results were observed for the separate extractions (SGF and SIF, separately) and for 
the stepwise digestion (first SGF followed by SIF digestion). Two main compounds were 
observed eluting at tR = Se-Met and Se-(Cys)2. This was in accordance with the results of the 
proteolytic digestions. From the chromatograms, we can see that in the SGF digestion (A), 
almost the same amount of Se is extracted as Se-(Cys)2 and Se-Met species. In the SIF 
digestion (B) much more Se-Met is extracted (up to a factor 10), compared to the SGF 
digestion. Se-Met  from Brazil nuts is thus mostly extracted in the intestinal tract. Similar 
conclusions were drawn from the supplements (Fig. 9.3). In the SIF extract after treatment 
with SGF (C), the peak eluting close to the dead volume was no longer observed, implying 
that this compound was already extracted during gastric digestion. The species distribution in 
the SGF extract was: 23.8 and 46.6% for Se-(Cys)2 and Se-Met, respectively and a minor 
amount of the Se distributed over different unidentified Se-species. In the SIF extract the 
major part of Se was Se-Met: 95.3% and only 5.7% as Se-(Cys)2.  




































































Figure 9.8: LC-ICP-MS chromatograms of the SGF (A), SIF (B) and SIF after SGF (C) 
digestions of the Brazil nuts. 
 
9.5.4 LC-ESI-MS-MS of the in vitro gastrointestinal digestions 
 
9.5.4.1 Sample clean-up 
 
Problems arose when adding formic acid to these extracts, because of precipitation of 
compounds. An additional sample clean-up step was required. The proteins were removed 
from the extracts in order to simplify the matrix. This was done by addition of 1 ml ethanol to 
3 ml of extract. The mixture was placed at 4˚C for 30 min, centrifuged and the supernatant 
pipetted from the precipitated proteins. The extract was then placed under an argon stream 
to remove the ethanol. Addition of formic acid, did not longer cause precipitation. Further 
attempts to remove any residual fat from the digests by CHCl3 and by CH2Cl2 extraction did 





9.5.4.2 Detection of Se-Met 
 
A 10 µl aliquot of the filtered SGF and SIF digestion was brought onto the column. The 
molecular ion of Se-Met was monitored at m/z 198. The results are shown in Figure 9.9.  



















































Figure 9.9: LC-ESI-MS chromatograms of the detection of the molecular ion of Se-Met in 
Brazil nuts treated with SGF (A) and SIF (B). 
 
In the chromatogram of the SGF extract (A), in which Se-Met was monitored, different peaks 
can be distinguished, but at the retention time of Se-Met (tR= 7.5 min) it is hard to distinguish 
a peak. In the SIF extract of the Brazil nut (B), we can easily see a peak of m/z 198 at tR = 
Se-Met.                                                                                                                             
By applying tandem mass spectrometry we were able to detect the product ions of Se-Met in 



































































Figure 9.10: LC-ESI-MS-MS chromatograms: detection of Se-Met in the SGF (upper 
chromatogram) and SIF (lower chromatogram) extract of Brazil nuts. 
 
In the upper chromatogram, the MRMs of the 5 transitions of the product ions characteristic 
for Se-Met in the SGF extract of the Brazil nut are detected. The peaks are difficult to 
distinguish as was to be expected from the low intensity of the peak in the LC-ICPMS 
chromatogram. The lower chromatogram in Figure 9.10 shows the results of the MRM 
measurements of the transitions for Se-Met in the SIF extract. In the SIF extract the 5 




9.5.4.3 Detection of Se-(Cys)2 
 
First, the molecular ion was monitored at m/z 337 and 335 for Se-(Cys)2. In Figure 9.11 (A) 
we see the SIR measurements of m/z 337 and 335, both masses could be monitored in the 
SIF extract, although not in the SGF extract. The underlying reason might be the very low 
concentration of Se-(Cys)2 or the complexity of the matrix.  Further analysis was necessary 
to examine the Se-species extracted during gastric and/or intestinal digestion. As was the 
case in the proteolytic extracts, the isotopic ratio of 80Se80Se/80Se78Se did not match in these 
experiments. In Figure 9.11(B) the results are given of the MRMs of transitions 337-248 and 
335-246 in the SIF extract. Here we can see that the peak surfaces correspond to what was 
expected from the calculation of the abundances (28.8% for m/z 337 versus 25.2% for m/z 
335).                                                                                                                                            
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Figure 9.11: Detection of Se-(Cys)2 in SIF extract of Brazil nuts: SIR measurements (A) and 
MRM measurements (B). 
 
The data on the SIF and SGF experiments demonstrate that Se-Met and Se-(Cys)2 can 
readily be extracted in the gastrointestinal tract. Furthermore, it is obvious that, even though 
the conditions are extreme, no species transformation occurs. The conditions simulated here 
do not influence the Se-species and Se is extracted in its original form. If metabolization of 
Se happens, it will probably be at another level. It is possible that microbial activity in our 
intestines is responsible for the transformation of species. The application of LC-ESI-MS-MS 
for the analyses of in vitro gastrointestinal digests of several food sources opens 
perspectives in nutritional sciences.  
 




Till now, all studies about extractability and stability of Se-species involved protein bound 
species. In the case of garlic, things are different. The species to be examined are no longer 
protein bound. Insight into their behaviour during in vitro gastrointestinal digestions is most 
relevant due to the anticarcinogenic properties of some specific Se-species. Special attention 
will be paid to the presence and stability of Se-MeSeCys and γ-glu-SeMeSeCys in the 
extracts. The conditions for measurements were as described in Chapter 8. Besides, Se-
species were measured in samples prepared by mastication of garlic extracts in human 
saliva. Since the species are not protein bound, digestion is supposed to start already by 
contact with saliva. 
 
9.6.2 Samples 
To two times an 0.2 g aliquot of the freeze dried garlic, 2 ml of fresh human saliva was 
added. One sample was immediately centrifuged, while the other was kept in the shaking hot 
water bath (37°C, 150 rpm) for 15 min prior to centrifugation. To an 0.2 g aliquot of garlic in a 
5 ml propylene test tube, 2 ml of SGF or SIF was added. The tubes were placed in a shaking 
hot water bath at 37°C, 150 rpm for 0 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h, 24 h, 
respectively. Immediately after the extraction, the extracts were centrifuged and the 
supernatants were kept in the freezer (-20°C) until analysis. These experiments were done in 
3-fold. 
 
9.6.3 Total Se-determination 
Total Se in the extracts was determined by PN-ICP-MS. The Se concentration of lyophilized 
garlic after saliva treatment was 63 µg Se g-1 +/- 10% (n=3) compared to 95.95 µg Se g-1 +/- 
17% (n=5) in the original garlic powder. The results for the amount of Se extractable when 
treated in vitro with simulated gastrointestinal fluids, SGF and SIF, are given in Figure 9.12 
for 0 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h, 16 h, 24 h of treatment. There are large 
fluctuations (mean values between 80 and 125 µg l-1) between the amounts of Se extracted. 
Large scatter was to be expected anyway since the inhomogeneous distribution of the Se 
was already evident from the total concentration of Se in the garlic (RSD: 17%). No trend in 
the extraction efficiency could be observed. The majority of the Se(-species) is extracted very 
quickly upon contact with both SGF and SIF. 
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Figure 9.12: Extraction efficiency of garlic treated with SGF and SIF in a time related 
experiment. 
 
9.6.4 LC-ICP-MS of the in vitro gastrointestinal digestions of garlic 
 
9.6.4.1 Saliva extracts 
 
Saliva contains a lubricating substance, known as mucus, buffers maintaining the acid-base 
balance and salivary amylase, an enzyme that initiates the hydrolysis of carbohydrates [Avila 
V.L., 1995]. On the basis of this composition, it is unlikely that these substances will 
transform the Se-species, but the question remains whether these Se-compounds will be 
extracted during mastication and mixing with saliva. The resulting chromatogram is shown in 






























Figure 9.13: LC-ICP-MS chromatogram of the saliva extract of garlic. 
 
From the total Se determination, it was clear that only part of the Se was extracted. When 
checking the chromatogram, several species can be distinguished. Four species elute in the 
same order as they did in the hot water extract. For a proper profile of the compound eluting 
at tR 620 sec, the addition of formic acid was needed. The peaks matched with the retention 
times of Se-(Cys)2, Se-MeSeCys, Se-Met and γ-glu-SeMeSeCys (compared with the hot 
water extract), respectively. Two unknown compounds, eluting at tR 960 sec and 1120 sec , 
were also observed in the chromatogram. They did not co-elute with any of the commercially 
available standards and their concentration is too low to be characterized with LC-ESI-MS-
MS. Although the main species correspond to those observed in the hot water extract, the 
relative distribution is different. The main species here are Se-MeSeCys, Se-Met, Se-(Cys)2,  
γ-glu-SeMeSeCys and 2 unknown compounds U1 and U2, accounting respectively for 
40.6%, 10.0%, 5.1%, 37.1%, 3.9% and 3.3% of the Se-species in the saliva extract. 
 
9.6.4.2 Simulated gastric digestions 
 
In contrast to saliva treatment, the treatment of garlic with simulated gastric fluid involves 
more severe and extreme conditions. There was a special interest in the behaviour of the 
dipeptide under these conditions. Standard solutions of Se-Met, Se-MeSeCys and Se-(Cys)2 
were previously shown to be stable in this medium. The species in garlic are expected to be 
more readily bioavailable since no protein bounds have to be broken prior to liberating the 
Se-compounds. The addition of formic acid was essential for the proper separation of 
especially the later eluting compounds. The resulting chromatograms of the garlic treated 
with SGF in the time related experiment are shown in Figure 9.14 (upper figure).  
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Figure 9.14: Time related LC-ICP-MS chromatograms of garlic treated with SGF (upper 
figure). The species distribution is shown in the lower part of the figure. 
 
Nine chromatograms are shown, corresponding to the duration of extraction. The same Se-
profiles are observed in all chromatograms. The main species elute at the retention times of 
Se-Met, Se-(Cys)2, Se-MeSeCys and γ-glu-SeMeSeCys and there are also 2 unknown 
compounds: U1 and U2. No changes could be observed in the extracted species ranging 
from 0 min to 24 h of treatment. Even after extensive periods of SGF treatment, the presence 
of γ-glu-SeMeSeCys is not altered. Since the gastric transit time of food is a matter of a few 
hours or less, γ-glu-SeMeSeCys will outlast SGF digestions. The species distribution is 
shown in Figure 9.14 (lower figure). The amounts of Se-(Cys)2, Se-Met, U1 and U2 remain 
more or less the same and account for circa 5%, 7-9%, 2-3% and circa 2.5%, respectively. 
When the amount of γ-glu-SeMeSeCys diminishes, the amount of Se-MeSeCys increases. 
Since γ-glu-SeMeSeCys serves as a carrier for Se-MeSeCys, it might be that during the 
treatment with SGF γ-glu-SeMeSeCys looses its glutamyl part, forming the resulting seleno-
amino acid. Other evidence for this is gathered by the following calculations and 
considerations: up till 1 h of treatment the amount of γ-glu-SeMeSeCys increases while that 
of Se-MeSeCys decreases. After 1 h no real trend can be observed. When taking the sum of 
the extracted % of Se as Se-MeSeCys and γ-glu-SeMeSeCys, we can see that the overall 
average sum is 76.26% of the total Se amount, the RSD is only 1.38% indicating that the 
total amount of Se-MeSeCys and γ-glu-SeMeSeCys is constant. This leads to the conclusion 
that both compounds are highly related not only according to structure, but also that one is 
transformed into the other. As Se-MeSeCys accounted for only 28.8% in the hot water 
extract but for 40-50% in the SGF digestion fluid, it is most likely that part of the  γ-glu-
SeMeSeCys is transformed into Se-MeSeCys during gastric human digestion. 
 
9.6.4.3 Simulated intestinal digestions 
 
Garlic was subjected to in vitro intestinal digestion in a time related experiment. Formic acid 
was added after incubation in order to get good chromatographic profiles. The 
chromatograms are shown in Figure 9.15. The same compounds are observed: Se-Met, Se-
(Cys)2, Se-MeSeCys and γ-glu-SeMeSeCys and the 2 unknown compounds: U1 and U2. 
The difference in species distribution is also clear from Figure 9.15. The amounts of Se-
(Cys)2, Se-Met, U1 and U2 extracted are circa 5%, 10-15%, 3-4% and circa 2.5% of the total 
Se-content, respectively. This is basically the same as for the SGF experiments, except for 
Se-Met. During SIF treatment, a trend can be observed showing that, the longer the garlic is 
treated with SIF the more Se-Met is extracted. The same was observed in the SGF and SIF 
treatment of supplements (Fig. 9.2) and Brazil nuts (Fig. 9.7) (when looking at the total Se 
concentration), since the major compound was Se-Met. The major compound extracted from 
the garlic during SIF treatment is Se-MeSeCys: 45-57%. The amounts of Se-MeSeCys and 
γ-glu-SeMeSeCys are again related. The sum of the % Se extracted as Se-MeSeCys and γ-
glu-SeMeSeCys  has an average value of 81.25% with a RSD of 1.35%, indicating again that 
the amount of Se extracted as Se-MeSeCys and γ-glu-SeMeSeCys  remains constant. Here 
a trend can be observed: the longer the garlic is treated, the less γ-glu-SeMeSeCys is 
present in the extracts and the more Se-MeSeCys is observed. There is a surmise that the γ-
glu-SeMeSeCys is converted to the Se-MeSeCys as the fraction of the former decreases 
from 30 to 18% and the latter increases from 45-57%. The fact that the dipeptide looses its 
glutamyl moiety is of interest for cancer research since it is this typical form that is thought to 
possess the major anticarcinogenic properties of garlic [Lu J., 1996]. 
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Figure 9.15: LC-ICP-MS chromatograms of garlic treated with SIF (upper figure). The 
species distribution is shown in the lower part of the figure. 
 
9.6.5 LC-ESI-MS-MS of the in vitro gastrointestinal digestions of garlic 
 
9.6.5.1 Detection of Se-Met 
 
Chromatograms based on the MRM transitions 198-181, 198-152, 198-135, 198-109 and 
198-102 measured after treatment with SGF and SIF, are shown in Figures 9.16 A (SGF) 
and 9.16 B (SIF). The transition of MRM 198-135 could not be measured in the SGF extract. 
This is also the transition with the worst LOD (Table 9.1). The other transitions can be 
measured at the retention time of Se-Met. For the SIF extracts, all MRMs could be 
measured. As can be seen from Figures 9.16 A and B, Se-Met is slightly better extracted in 
the SIF extracts than in the SGF extracts. The amount of Se present in the extracts is close 
to the detection limit of the transition 198-135.  The results shown in Figure 9.16 are those 
obtained after 1 h treatment. All other samples (0 h to 24 h) gave similar results. 








































































Figure 9.16: LC-ESI-MS-MS of the SGF (A) and SIF (B) extracts of garlic: MRM detection of 
Se-Met. 
 
9.6.5.2 Detection of Se-MeSeCys 
 
All MRMs typical for Se-MeSeCys were measured under the same conditions as mentioned 
in Chapter 8. Fragments with an m/z 167, 149, 123 and 95 were measured on-line in SGF 
and SIF samples. The results for the 1 h treatments are shown in Figure 9.17 for the SGF 
sample (A) and for the SIF sample (B). As was the case in the hot water extract, two peaks 
are observed at retention times of 4.7 min and 7.2 min. It is, however, the compound eluting 
at tR 4.7 min which is Se-MeSeCys as was discussed in Chapter 8 (§ 8.7.2). The sample 
consisted of 0.2 g garlic (containing 96 µg g-1) in 2 ml, equalizing an amount of 20 µg Se in 
20 ml. Only 9% of it is present as Se-Met, the total Se-Met concentration in the extract would 
be 1.8 µg per 2 ml (or 0.9 mg l-1) and the LOD of Se-Met MRM 198-135 in SGF is 0.46 mg l-1. 




























































Figure 9.17: LC-ESI-MS-MS chromatograms of Se-MeSeCys in the SGF (A) and SIF (B) 
extracts of garlic. 
 
The major excretion route of Se-MeSeCys and γ-glu-SeMeSeCys is via urine [Dong Y., 
2001]. Since both compounds are typical for Se-accumulating plants and are responsible for 
the high build-up of Se in those plants without any signs of toxicity [Neuhierl B., 1999], they 
might be metabolized in a different way.  
 
9.6.4.3 Detection of γ-glu-SeMeSeCys 
 
As γ-glu-SeMeSeCys  is a dipeptide and peptide bonds are easily hydrolized, it is of interest 
to mimic the conditions during human digestion and determine the species by molecular 
mass spectrometry. As the peptide bond is of the γ-type it is unlikely that this bond will be 
acted on by aminopeptidases, which liberates amino acids via scission of the peptide bond 
adjacent to the free amino acid [Dong Y., 2001]. The γ-glu-SeMeSeCys can be characterized 
by measuring the transitions of MRM 313-167, MRM 313-130, MRM 313-184, MRM 313-224, 
MRM 313-250, MRM 313-84 and MRM 313-296. Since the retention time of the compound is 
now known (Chapter 8, § 8.7.1), it is not necessary to measure on different isotopes 
anymore. Due to the lower content of the γ-glu-SeMeSeCys compound in the SGF and SIF 
extracts, problems concerning detectability of the different transitions may arise. MRM 313-
296 could not be measured, the other MRMs are shown in Figure 9.18 for the SGF 
experiments. The upper part of Figure 9.18 shows: MRM 313-167, MRM 313-130, MRM 313-
184, MRM 313-224 and MRM 313-250; MRM 313-84 is shown in a separate chromatogram 
(Figure 9.18 lower chromatogram) since this compound could be observed only when plotted 
































































Figure 9.18: LC-ESI-MS-MS chromatograms of garlic treated with SGF: detection of γ-glu-
SeMeSeCys. 
 
In the upper part of Figure 9.19, the results are presented for the SIF experiments; MRM 
313-167, MRM 313-130, MRM 313-184, MRM 313-224 and MRM 313-250 are shown; MRM 
313-84 is shown in the lower chromatogram of the figure at a larger scale.  
The γ-glu-SeMeSeCys could hence be detected based on its retention time and the 
presence of 6 product ions. The chromatograms shown are for detection of the product ions 
in the samples treated during 1 h. Similar results were observed when measuring all other 
samples. From these results, it can be concluded that the statements made on the basis of 
the LC-ICP-MS measurements are valid. The same compounds can be detected in the SGF 
and SIF extracts as in a hot water extract, although 2 more compounds were observed after 
SGF and SIF treatment. So far, the identity of these compounds remains unknown and it is 
not clear whether they are original garlic species or transformations from Se-species formed 




























































Figure 9.19: LC-ESI-MS-MS of garlic treated with SGF: detection of γ-glu-SeMeSeCys. 
 
9.7 Overview and conclusion 
 
The in vitro gastrointestinal digestions of the different food sources have provided us with a 
lot of information, gathered thanks to the analytical approach developed in this work that 
resulted in an efficient method enabling the analysis of the species in complex matrices and 
at low concentration. This approach can be used to check the way Se-species are digested 
and become bioavailable. The results are most informative as to the relevance of the intake 
of the different (Se)-species and the form under which they should be consumed. It was seen 
from the analysis of the Se-supplements that there is a big difference between the 
extractability of the Se from one supplement to the other. Although Brazil nuts contain Se-
Met as the major compound, as do the supplements, the Se species extracted from the 
Brazil nuts under the conditions described here is far lower than in the supplements. It should 
be kept in mind that the digestions described here do, however, not mimic the complete 
human digestion process. The fact that  Se species in the Brazil nuts are not that accessible 
may be due to the high fat content which interferes during the simulated intestinal digestion 
process. More extended research taking the function of the liver and bile into account, would 
be most useful in determining the real bioavailability of Se species from the Brazil nuts. It is 
most probable from the garlic results that γ-glu-SeMeSeCys is converted to Se-MeSeCys 
during the human digestion process. Both these compounds are known to exhibit 
anticarcinogenic properties and form hence an interesting alternative food source instead of 
Se-supplementation. An overview of the analytical strategies followed in this chapter is given 
in Figure 9.20. 
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Figure 9.20: Schematic overview of the species extracted and identified in SGF and SIF 
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Se-speciation in urine: 
















































Se-speciation in (human) urine requires extensive sample clean up prior to identification as 
was discussed in Chapter 4 (§ 4.6.1). The excretion of Se was followed after supplying 
people with Se-Met containing supplements [Gammelgaard B., 2004]. As was stated in 
Chapter 9, Brazil nuts contain the same Se-species as do the yeast-based supplements. The 
amounts to which they are extracted by humans remains doubtful (see § 9.4, 9.5, 9.7) In this 
chapter the excretion profile of total Se has been investigated as well as the Se-species 
found in urine, after consuming both food sources. The main focus was on finding a method 
for detection of the compounds without elaborate sample clean-up, (or at least a minimum), 
and avoiding the use of synthesized standards.  
 
These results were published as: 
E. Dumont, Y. Ogra, K.T. Suzuki, F. Vanhaecke, R. Cornelis: Liquid chromatography-electrospray 
ionization tandem mass spectrometry for on-line characterization, monitoring and isotopic profiling of 
the main selenium metabolite in human urine after consumption of Se-rich and enriched food. Anal. 






The urea nitrogen determination kit was from Wako Pure Chemical Industries (Osaka, 
Japan). Urease from Jack beans (133 units mg-1), ammonium acetate (≥ 99%), sodium 
acetate (≥ 99,5%) , N-acetyl-D-galactosamine (98%) (GalNAc), N-acetyl-D-glucosamine 
(98%) (GlcNAc), creatinine (≥ 99.5%) and methyl-N-acetyl-β-D-glucosamine (Me-GlcNAc) 
were from Sigma (St. Louis, MO, USA). The selenosugar: 1-β-methylseleno-N-acetyl-D-
galactosamine, was synthesized at the Graduate School of Pharmaceutical Sciences, Chiba 




On-line measurements for checking the stability of the species were done on an HP4500 
ICP-MS instrument (Yokogawa Analytical systems, Hachiouji, Japan). The column used for 
preparative LC was a Shodex Asahipak GS 520 P (L: 50 cm, i.d. 21.5 mm) (Showa Denko, 
Tokyo, Japan). The LC and ICP-MS methods and parameters were as described previously 
unless otherwise stated. All other instruments were also described in the previous chapters.  
 
10.2.3 Supplementation of Se 
 
Two cases were studied to examine the excretion profile: in the first case the excretion profile 
of Se of one volunteer after consumption of SelenoPrecise (100 µg per tablet) from Pharma 
Nord, Velje, Denmark, was studied. The second case concentrated on the consumption by 
three individuals of Brazil nuts, containing 49.9 µg g-1 Se. Firstly, 5 SelenoPrecise tablets 
were consumed, corresponding to 500 µg Se mainly as Se-Met. The same amount of Se was 
again consumed after 3 days. Secondly, approximately 10 g of Brazil nuts were consumed, 
corresponding to 500 µg Se, mainly as Se-Met. The same amount of Brazil nuts was 
consumed again 3 days and 6 days after the first intake. For identification of the Se-species 
in urine with LC-ESI-MS-MS, a human volunteer (female, 25 years old) ate 10 g of Brazil 
nuts (equalizing approximately 500 µg Se) at noon for 2 consecutive days. The urine sample 
maintained was that of day 2, five h after eating the Brazil nuts. 
 
10.2.4 Urine collection 
 
The urine samples were stored in polypropylene containers especially designed for 
collection, storage and transport of urine samples. All samples were kept in the refrigerator at  
4ºC, when the analyses were done within 2 days; for longer preservation, the samples were 
stored at -20ºC. Urine collection started 24 h prior to the first intake of supplement tablets or 
nuts. Point of time of urination was recorded and the total volume was determined. Urine was 
collected up to 50 h after the last consumption of SelenoPrecise, since no elevated Se-
concentration was measured 20 h after the last intake. Urine samples were collected up to 
50 h after the last intake of the Brazil nuts. The experiment with Brazil nuts was repeated 
with 3 volunteers (male, 27 years old, female, 21 years old and female, 25 years old). 
For LC-ESI-MS-MS analysis, urine was collected 4-10 h after the last intake of Brazil nuts 
and stored at -20ºC until analysis. 
 
10.3 Total Se determination in urine 
 
The total concentration of Se in all samples was determined with PN-ICP-MS. Urine samples 
were diluted 10-fold in 1% HNO3 solution, gallium (50 µg l-1) was used as an internal 
standard. The total concentration was determined by standard addition of Se(IV). Since the 
presence of C-containing compounds might interfere the Se-signal, even after dilution, 
resulting in shifts in concentration due to the uneven distribution of C-compounds over the 
different samples [Gammelgaard B., 1999], the standard addition method was needed. 
Furthermore, urine samples contain high amounts of chlorine and Se is measured on the 
isotope 82, possibly interfered by 12C35Cl2 [Gammelgaard B., 1999], [Ko F., 1996]. Different 
methods exist for the normalization of urine samples. This is necessary since excretion of 
compounds depends on the fluid intake, perspiration rate, etc. Several methods were applied 
for normalization of the concentration in urine samples and evaluated. For density 
determination, a 1 ml portion of every urine sample was weighed. For dry weight 
determination, a 1 ml aliquot of urine was put in a plastic tube and placed in an oven at 70ºC 
for evaporation to dryness [Francesconi K.A., 2002]. Another method consisted in the 
determination of the creatinine content of all samples using LC-UV [Achari R., 1983]. A 
calibration curve was made with a concentration range of 5-100 mg l-1 creatinine. LC 
conditions were as follows: a Biosil C18 column (i.d.: 4.6 mm, L.: 25 cm) (Biorad, Hercules, 
CA, USA), mobile phase of 50 mM sodium acetate + 2% acetonitrile, pH 6.5, flow rate at 1 ml 
min-1. The creatinine was detected with a Waters UV 486 spectrophotometer (Waters, 
Milford, USA) at a wavelength of 254 nm. A 10 µl aliquot of each urine sample (100-fold 
diluted) was brought onto the column and the total concentration of creatinine was 
determined. 
 
10.4 Excretion profile of Se after supplementation 
 
The concentration of metabolites in urine varies in every sample due to, among others,  fluid 
intake and perspiration rate. To compare the Se-amount in a relevant manner, the 
concentrations had to be normalized. All types of normalization (§10.3) were done. In Figure 
10.1, the results are shown after normalization for dry weight. The same profile was, 
however, observed when normalization was done either to the creatinine content or to the 
density. The time of consumption of the Se-supplements and the nuts is indicated with an 
arrow.  
In the case of SelenoPrecise, the supplement was consumed after 24 h and after 96 h. 
Consumption of the Brazil nuts was done after 24 h, 96 h and 186 h. In the upper figure the 
results are shown for the supplementation with SelenoPrecise, in the lower figure those for 
the Se-content after consumption of Brazil nuts. The same profile is observed in both figures. 
Four hours after the first consumption there is a slight increase in Se-excretion, after 
approximately 10 hours the Se-concentration decreases. When, after 3 days, there is a new 
intake of selenium, the excretion of Se increases considerably more than after the first intake 
for both types of supplementation. The same trend is observed again when Brazil nuts are 
consumed for the third time. A possible reason for this may be that the body was able to take 
up more Se via blood and organs than was provided by a normal diet. When a second 
amount of Se is consumed the body already had a reserve of Se and is unable to take up 
more Se, hence superfluous Se is excreted. The same trend was observed for all volunteers. 
The highest Se-concentrations are observed 4-10 h after the intake of the Se-(en)rich(ed) 
food. Another remarkable fact is the concentration of Se in urine after consumption of both 
Brazil nuts and Se-supplements. As would be expected from § 9.4, 9.5 and 9.7 the amount of 
Se excreted after consumption of Brazil nuts should be considerably lower (up to 50%) than 
when the same amount of Se is consumed under the form of Se-supplements 
(SelenoPrecise). This trend is, however, not seen. When comparing the total amount of 
excess Se excreted after Brazil nut intake it is almost equal to the total amount of excess Se 
after consumption of the yeast. This fact supports the statement made in § 9.7 that the action 
of liver and bile are important factors in making Se bioavailable after the consumption of Se-
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Figure 10.1 Excretion profile of Se in human urine after consumption of Se-supplements 
(upper figure) and Brazil nuts (lower figure). 
 
 
10.5 LC-ICP-MS: detection of the Se-species in human urine  
 
A 10 µl aliquot of the filtered urine samples was brought onto the XTerra column and eluted 
with 0.01% TEACl + 2% MeOH pH 4.5. The species in human urine were detected prior and 
after consumption of SePrecise or Brazil nuts and results were compared.  
At first, the urine sample with the highest amount of Se (4-10 h after the second 
supplementation) was examined with LC-ICP-MS in order to detect all the different Se-
species. This was done both after consumption of Se-enriched yeast and after consumption 
of Brazil nuts. In Figure 10.2, the chromatograms are given for both supplementation 
experiments.  








































Figure 10.2: LC-ICP-MS chromatograms of urine samples after the consumption of yeast-
based supplements (A) and Brazil nuts (B).  
 
From these chromatograms, it is seen that the major peak elutes at approximately 630 s,  
after consumption of either the Se-enriched yeast or the Brazil nuts. Some minor compounds 
elute close to the dead volume (+/- 170 s) of the system. Other compounds elute further in 
the chromatogram, but they could not be identified since none of them co-eluted with a 
commercially available standard. Moreover, their concentration is too low for identification, 
even after extensive sample clean up. In order to examine whether the extra intake of Se as 
Se-Met is responsible for the major peak in the chromatogram at tR = 630 s, the urine 
samples for both experiments were examined, starting with the one prior to supplementation 
to the post-supplementation sample with a Se-concentration approximately equal to the 
basal amount of Se in human urine. These chromatograms showed that in the sample prior 
to supplementation only the minor peaks close to the dead volume of the system appeared, 
and none at retention time of 630 s. In all post-supplementation samples, with a Se 
concentration exceeding the basal level, a peak appeared at a retention time of 630 s. The 
peak area was proportional to the amount of Se found during the excretion profile experiment 
and diminished as a function of time. The post-supplementation sample, with an amount of 
Se equal to the basal level, contained a small amount of the compound corresponding to the 
peak at tR 630 s. From these results, it was obvious that the extra intake of Se under the form 
of Se-Met, either as supplement or as Brazil nut, was responsible for the occurrence of the 
major compound in the chromatogram. The presence of this compound was independent of 
the food source. Evidence from the literature points to a selenosugar [Bendahl L., 2004], 
[Gammelgaard B., 2004]. A selenosugar: 1β-methylseleno-N-acetyl-D-galactosamine, 
synthesized at the Graduate School of Pharmaceutical Sciences (Chiba, Japan) [Kobayashi 
Y., 2002], [Traar P., 2004] was used for standard addition experiments.  
From these experiments, it was clear that the major compound in the human urine samples 
co-eluted with the synthetic selenosugar, the structural formula of the Se-sugar is shown in 





































Figure 10.3: LC-ICP-MS chromatograms of a urine sample after consumption of Se-rich 
food, of the Se-sugar standard and of urine spiked with the Se-sugar.  
 
However, chromatographic separation and element detection do not provide unequivocal 
proof for the identity of a compound and hence, further molecular information is needed in 
order to characterize this major compound in urine. 
 
10.6 ESI-MS-MS method development for characterization of the main urinary 
Se-metabolite 
 
Two commercially available sugars were used for method development. These sugars were 
selected due to their structural similarity to the selenosugar mentioned above. The structural 
formula of the standard sugars: N-acetyl-D-galactosamine (GalNAc) and methyl-N-acetyl-β-
D-glucosamine (Me-GlcNAc) are presented in Figure 10.4 together with the structural 























Figure 10.4: Structural formulae of the standard sugars and the Se-sugar. 
 
Parameters were optimized for measurement of the precursor ion of both standard sugars 
with ESI-MS. Afterwards, parameters were optimized for measurement and determination of 
their product ions. A 10 mg l-1 solution was made of the standard sugars and diluted 1:1 in 
25% MeOH. The sugars could easily be measured on their Na- and K-adduct, which is a fact 
commonly observed in the ESI process of sugars. For the measurement of the precursor ion 
of  N-acetyl-D-galactosamine (m/z 222 for [M+H]+ ion), the capillary voltage was set at 4.2 
kV, optimum cone voltage was set at 30 V. The Na- and K-adducts were measured at m/z 
244 and 260. The optimum values for measurement of the precursor ion of methyl-N-acetyl-
β-D-glucosamine (m/z  236 for [M+H]+ ion) with the Na-adduct at m/z 258 and the K-adduct 
at m/z 274 were 3.5 kV for the capillary and 30 V for the cone voltage. For both sugars, the 
Na- and K-adducts could be measured in full scan mode with the Na-adduct the easier one 
to measure. To determine the product ions of both sugars, the collision energy had to be 
optimized. For both sugars, it was obvious that no product ions were gathered from the Na- 
and K-adducts, due to the high stability of the latter. Only the [M+H]+ ion led to fragmentation. 
The MS-MS spectra of GalNAc and Me-GlcNAc are shown in Figure 10.5. The collision 
energy had to be varied from 10 to 30 eV in order to measure all product ions. For N-acetyl-
galactosamine (depictured in Figure 10.4) with m/z 222 for the [M+H]+ ion, product ions were: 
m/z 204, corresponding to the loss of  H2O,  
m/z 186, corresponding to m/z 204 with subsequent loss of H2O,  
m/z 168, corresponding to m/z 186 with subsequent loss of H2O,  
m/z 144, corresponding to loss of H2O and CH3COOH,  
m/z 138, which could so far not be assigned,  
m/z 126, corresponding to m/z 144 with subsequent loss of H2O,  
m/z 108, corresponding to m/z 126 with subsequent loss of H2O.  
 





















































Figure 10.5: Product ion spectra of GalNAc and Me-GlcNAc. 
 
The product ions detected after fragmentation of methyl-N-acetyl-β-D-glucosamine 
(depictured in Figure 10.4) (m/z  236)  at several values of the collision energy, were m/z 204 
corresponding to the loss of HOCH3, all other fragments: m/z 186, m/z 168, m/z 144, m/z 
138, m/z 126 and m/z 108 are the same as for N-acetyl-galactosamine and can be 
considered as typical fragment ions for hexosamines. The fact that fragmentation of both 
sugars leads to a product ion at m/z 204 indicates that the fragment is lost at position C1 
(anomeric carbon) in the sugar. This can be used for the identification of the selenosugar, 







10.7 LC-ESI-MS(-MS) of the sugar standards and the synthesized Se-sugar 
 
10.7.1 LC-ESI-MS of the sugar standards 
 
For on-line measurement with ESI-MS(-MS), the LC conditions were slightly modified. The 
composition of the mobile phase consisted of 2% MeOH. An ion pairing agent was no longer 
used in order to avoid loss in sensitivity. To retain the selenosugar on the LC column the use 
of TEACl was not needed. The [M+H]+, [M+Na]+ and [M+K]+ ions of both N-acetyl-
galactosamine and methyl-N-acetyl-β-D-glucosamine were measured on their m/z in the 
selected ion recording mode (SIR). ESI-MS-MS conditions were as optimized before. All 
adducts could be measured and are shown in Figure 10.6. 













































Figure 10.6: LC-ESI-MS chromatograms of the different adducts of GalNAc (left) and Me-
GlcNAc (right). 
 
It is obvious from these chromatograms that sensitivity is lost in detecting these compounds 
since their Na- and K-adducts are much more abundant than the molecular ion, leaving these 
ions unavailable for further structural analysis (§ 10.6). 
 
10.7.2 LC-ESI-MS-MS of the sugar standards 
 
In order to fully characterize a molecule, information on its product ions is needed. Therefore, 
an attempt was made to monitor the product ions of the standard sugars on-line, to enable 
use of the method for on-line characterization and monitoring of the Se-compound in human 
urine. The transitions from precursor ion to product ions were measured in the multiple 
reaction monitoring mode (MRM).  By setting the instrumental parameters to the appropriate 
values corresponding to the values for both sugars and by varying the value of the collision 
energy from 10-30 eV, all product ions of both sugars could be measured on-line. The results 
are shown in Figure 10.7. The left part shows the MRMs measured for N-acetylglucosamine, 
the right part shows the MRMs measured for Methyl-N-acetylgalactosamine.  


















































Figure 10.7: LC-ESI-MS-MS chromatograms of Me-GlcNAc (left part) and Me-GlcNAc (right 
part).  
 
In accordance to the findings on the product ions of these 2 compounds discussed higher, 
MRM 222-204 and MRM 236-204 were detected by setting the collision energy to 10 eV. By 
raising the collision energy up to 20 eV the following transitions were measured: MRM-222-
168, MRM 222-126, MRM 222-138, MRM 222-144 and MRM 222-186 for N-
acetylgalactosamine in accordance to the product ions found during ESI-MS-MS 
experiments. For Methyl-N-acetylglucosamine the folowing MRM measurements are 
indicated in the picture: MRM 236-126, MRM 236-138, MRM 236-144, MRM 236-168 and 
MRM 236-186. In these chromatograms, data for transition of m/z 222 to 108 and m/z 236 to 
108, measured by setting the collision energy to 30 eV are not shown. This transition could 
be measured, but due to a pronounced difference in sensitivity between the different MRMs, 
the peak was not clear on this scale.  
 
10.7.3 LC-ESI-MS of the synthesized Se-sugar 
Although urine samples were subjected to extensive sample clean-up and preconcentration, 
it was impossible to detect a Se-compound in the mass spectrum. Separation was needed 
prior to detection with ESI-MS(-MS). The characteristic isotopic profile of Se can assist in the 
identification of a Se-compound. The m/z of the [M+H]+ ion of the proposed selenosugar 
shown in Figure 10.4 is 300. When considering the synthesized selenosugar for the 5 most 
abundant Se-isotopes the masses to be measured in SIR mode are: 296, 297, 298, 300 and 
302 according to the isotopes 76Se, 77Se, 78Se, 80Se and 82Se, respectively. The results of 
these measurements are shown in Figure 10.8. At retention time 14.70 min, a peak appears 
at every m/z measured (the shift in retention time compared to the LC-ICP-MS 





























Figure 10.8: LC-ESI-MS chromatograms of the synthesized Se-sugar: detection of all 
isotopes. 
 
When calculating the relative peaksurfaces of these peaks, it is seen that these correspond 
to the relative abundance of the isotopes. The theoretical and experimental ratios are given 
in Table 10.1.  
 
Table 10.1: Overview of the theoretical abundance ratios, the measured ratios and the bias 
for measurement of the Se-sugar. 
 
Isotopes theoretical ratio experimental ratio bias 
80Se/82Se 5.682 5.620 1.1% 
80Se/78Se 2.087 2.260 3.8% 
80Se/77Se 6.501 6.872 5.7% 
80Se/76Se 5.293 5.626 6.3% 
 
The bias for the ratio of the peak surfaces with respect to the corresponding IUPAC 
abundance ratios were 1.1 %, 3.8 %, 5.7 %, and 6.3 % for 80Se/82Se, 80Se/78Se, 80Se/77Se 
and 80Se/76Se,  respectively.  Hence, it should be possible in theory to measure the Se-
metabolite in human urine via its isotopic pattern.  
 
10.7.4 On-line characterization, monitoring and isotopic profiling of the 
synthesized selenosugar 
 
From the results with N-acetylgalactosamine and methyl-N-acetylglucosamine, it is clear that 
the presence of a (methyl)-N-acetylhexosamine is characterized by the presence of 
fragments with m/z 204, 186, 168, 144, 138, 126 and 108. When applying the parameters 
optimized for measurement of N-acetylgalactosamine to measure the selenosugar, no signal 
was observed. Only by setting the capillary voltage at 3.5 kV and the cone voltage at 30 V 
(parameters as for the measurement of methyl-N-acetyl-glucosamine), and varying the 
collision energy from 10 to 30 eV, all transitions could be measured. The resulting 
chromatograms for the synthesized selenosugar (concentration approximately 1 mg l-1) are 
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Figure 10.9: LC-ESI-MS-MS chromatograms of a synthesized Se-sugar 
 
In this chromatogram, MRM of the transitions 300-186, 300-168, 300-144, 300-138, 300-126 
and 300-108 can be detected at the same retention time as the SIR measurements. Since it 
is proposed that Se is located at position C1 in the sugar and that the loss of the fragment at 
position C1 in a sugar results in a product ion of m/z 204, this transition can be used to 
confirm the isotopic profile of Se in a sample containing a selenosugar. Matrix complexity 
can, however, disturb the results of the relative abundances of the different isotopes. There 
is a possibility that there is another compound of the same m/z which looses a fragment of 
the same m/z. For the synthesized selenosugar, MRMs of the transitions 296-204, 297-204, 
298-204, 300-204 and 302-204 were measured. The results are shown in Figure 10.10. 
When calculating the relative peak surfaces, it is seen that for the ratio of  80Se/82Se there is 
a bias of   6.2 %, for 80Se/78Se there is a difference of 2.3 %, for 80Se/77Se and for 80Se/76Se 
there is a larger bias. Taking into account the complexity of the system and the many 
parameters which are subject to slight changes during the measurements, deviation from the 
theoretical values of the relative abundances of the isotopes to the relative peak surfaces 
can be considered as acceptable. From these data, it can be seen that it is possible to 

































Figure 10.10: LC-ESI-MS-MS measurements for detection of the isotopic profile of Se in a 
synthesized Se-sugar. 
 
10.8 LC-ESI-MS-MS: LODs of organic Se-compounds in urine 
 
For the determination of the limits of detection of the method (LC-ESI-MS-MS), several 
organic Se-compounds were used: Se-Methionine, Se-Cystine (Se-(Cys)2), Se-Cystamine 
and Se-Methylselenocysteine (Se-MeSeCys) in a concentration of 1 mg l-1 each, dissolved in 
a 1% formic acid solution. Limits of detection were also determined in urine solutions in 
which the compounds (10 mg l-1) were brought in urine with 1% formic acid. The same was 
done for the commercially available sugars. For N-acetylglucosamine (GlcNAc), N-
acetylgalactosamine (GalNAc) and Methyl-N-acetylglucosamine (Me-GlcNAc) solutions both 
in 1% formic acid and in urine were made with concentrations of 10 mg l-1 and 50 mg l-1. A 10 
µl aliquot of the compound was injected onto the XTerra column. Measurements were done 
in MRM mode on all possible product ions of the respective compounds. In Table 10.2 an 
overview is given of the LODs obtained for Se-Met, Se-Cya, Se-(Cys)2, Se-MeSeCys, 
GlcNAc, GalNac and Me-GlcNAc in both water and urine.  
From this table, it is clear that it was impossible to measure Se-Cya, GlcNAc and GalNAc in 
human urine samples even at concentrations up to 50 mg l-1. These 3 compounds, however, 
elute close to the dead volume of the system. Since salts will elute in the dead volume under 
these chromatographic conditions they will harm the electrospray process for the compounds 
to be analyzed close to the dead volume. Furthermore, urine contains high amounts of urea 
(up to 20 g l-1), which can disturb the electrospray process. All other compounds could be 
detected both in water and urine and it is clear that there is a serious matrix effect of urine for 
all compounds. LOD values are 1.5 to 20 times higher in urine than in water. The LOD of Me-
GlcNAc (360 µg l-1) indicates that sample clean up and preconcentration of human urine 
samples even after consumption of Se-rich food, is necessary for measurement with ESI-
MS-MS. Separation of the metabolite from interfering compounds in the matrix enhances the 
electrospray process of the compound of interest. 
 
Table 10.2: Limits of detection (µg compound l-1) for Se-compounds and standard sugars in 
water and urine. 
 
  In water In urine 
Se-Met    
 MRM 198-181 22 75 
 MRM 198-152 44 68 
 MRM 198-135 44 1.3 102 
 MRM 198-109 33 95 
 MRM 198-102 12 91 
Se-MeSeCys    
 MRM 184-167 1.7 102 5.7 102 
 MRM 184-149 2.0 102 1.3 103 
 MRM 184-123 1.5 102 1.2 103 
 MRM 184-95 62 1.1 103 
Se-(Cys)2    
 MRM 337-248 8.7 13 
Se-Cya    
 MRM 249-204 2.0 / 
GlcNAc    
 MRM 222-204 3.4 102 / 
GalNAc    
 MRM 222-204 3.7 102 / 
Me-GlcNAc    
 MRM 236-204 1.1 102 3.6 102 
 
10.9 Sample clean up  
 [Ogra Y., 2003] 
 
After every clean-up step, the sample was brought onto the column and Se was measured 
with ICP-MS in order to detect species transformation or losses of species. No 
transformation or loss were observed during the complete sample preparation procedure. 
The samples were concentrated up to 7 mg l-1 Se and stored at -20˚C. The urea 
concentration in the samples was determined with a urea nitrogen determination kit. Urea 
was removed from the urine samples as follows: to a 20 ml aliquot of urine, 0.01 g urease 
was added. The sample was kept under N2 at 45˚C for 3 times 10 min. Approximately 65% of 
the total urea amount was removed from the sample. Afterwards, the urine sample was 
filtered and 180 ml cold MeOH was added, in order to precipitate the salts. The mixture was 
filtered and evaporated with a rotavapor (60°C) to 2 ml. The residue was brought onto the 
preparative column and eluted with 50 mM ammonium acetate pH 6.5 at a flow rate of 3 ml 
min-1. Fractions were collected every minute. The Se-concentration in every fraction was 
determined by ICP-MS in the flow-injection mode. The fractions containing the highest 
amount of Se (fractions 42-47) were pooled and evaporated with a rotavapor to 
approximately 1 ml. The residue was preserved at -20°C until further analysis. 
 
10.10 Characterization of the main Se-metabolite in human urine 
 
10.10.1 LC-ESI-MS for detection of the main Se-metabolite in human urine 
 
An attempt was made to measure the selenosugar in the urine sample on the isotopes: 78, 
80 and 82. The signals at m/z 298, 300 and 302 were measured. From these chromatograms 
it was clear that no peak could be distinguished nor could be assigned to a Se-compound. 
Several compounds elute in the chromatogram with m/z 298, 300 or 302. SIR measurements 
can thus not be used here to characterize the Se-metabolite in human urine. A more specific 
and sensitive approach is required to meet the needs of this type of speciation analysis.  
 
10.10.2 On-line characterization, monitoring and isotopic profiling of the Se-sugar 
 in human urine 
  
In Figure 10.11, the results are presented for the MRM measurements of a pretreated human 
urine sample after consumption of Brazil nuts. MRMs of transitions common for a 
































Figure 10.11: LC-ESI-MS-MS: measurements of the different MRMs of the Se-sugar in a 
human urine sample. 
 
In Figure 10.12, the chromatograms are shown for the detection of MRMs of transitions 298-
204, 300-204 and 302-204 corresponding to the isotopes: 78Se, 80Se and 82Se in a human 
urine sample. Calculating the relative peak surfaces demonstrated that for 80Se/82Se there is 
no difference and for 80Se/78Se there is a bias of 3.1% with respect to the corresponding 
theoretical values. Measurement of the isotopes 76Se and 77Se showed that for these 2 
isotopes there was a bias of 20-25%. This is not that surprising since both the complexity of 
the system and that of the matrix have to be taken into account. The results for the isotopes 
78Se, 80Se and 82Se are, however, in good accordance to the theoretical values. It is shown 
that the Se-metabolite can be detected without use of an elemental detection system. Hence, 
it can be concluded from these results that the compound present in human urine after 
consumption of food rich in Se-Met, is a selenosugar of the selenomethyl-N-acetyl-
hexosamine type. Further differentiation on the type of hexosamine is at this level impossible, 





























Figure 10.12: LC-ESI-MS-MS: measurement of the MRMs leading to the loss at the C1 
position of the Se-sugar in a human urine sample 
 
10.11 Overview and conclusion 
 
By combining LC-ICP-MS and LC-ESI-MS-MS an important metabolite excreted after 
consumption of food rich in Se-Met could be identified as a selenosugar. By use of molecular 
mass spectrometry, the Se-metabolite was characterized as a selenomethyl-N-acetyl-
hexosamine. Gathering further information on the type of selenomethyl-N-acetyl-hexosamine 
is impossible with the techniques used here. It was possible to detect the isotopic profile of 
the Se-compound in such a complex matrix with LC-ESI-MS-MS and hence the compound 
can be monitored by use of this technique. The method as described here can also be 
applied to monitor the compound on-line in urine after sample clean-up. Therefore, the 
system is suitable for screening urine samples for the presence of Seleno-methyl-N-
acetylhexosamines and has the potential to describe the Se-status in an individual.  
An interesting topic would be the analysis of urine samples after consumption of food rich in 
Se under the Se-MeSeCys or the γ-glu-SeMeSeCys form. As plants show different anabolic 
pathways, according to their genus, for building-up Se-species, and since these compounds 
were said to exert anticarcinogenic properties, their pathway through the human body is a 
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Figure 10.13: Overview of the analytical strategy used for identification of the main Se-
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Se-speciation in urine by GC-MS: 












































Analytical methodology for Se-speciation in urine was investigated more extensively, 
because it may be the most relevant biomarker for dietary assesment of the element. Up to 
now, most analyses were performed by using LC-ICP-MS and LC-MS as discussed in § 
4.6.1. The major compound identified in this way was a Se-Methyl-N-acetylgalactosamine 
(Chapter 10) [Dumont E., 2006], [Gammelgaard B., 2004], [Ogra Y., 2002]. Prior to its 
identification, major sample clean-up was necessary. These time consuming procedures 
were not without risk when looking at the ease with which the Se-sugar is transformed [Ogra 
Y., 2003]. Hence, another, simplified, less time consuming and less elaborate method would 
be welcome. It is well known that a very good technique for analysis of monosaccharides is 
gas chromatography [Kitson F.G., 1996], [Merkle R.A., 1994], [Molnár-Perl I., 1999], 
[Sweeley C.C., 1963]. Some reports were made on the Se-speciation in urine by GC in 
combination with a variety of detectors [Francesconi K.A., 2004]. The focus has, however, 
never been on the Se-sugar, the main metabolite excreted after consumption of sub-toxic 
doses of Se. Moreover, a major drawback of the method described in Chapter 10 is the 
inherent impossibility to distinguish between the different hexosamines and hence to identify 
the compound. Bendahl et al. succeeded in the separation and detection of Se-Methyl-N-
acetyl galactosamine and Se-Methyl-N-acetyl glucosamine by using UPLC-ICP-MS. The 
identification was based solely on retention time matching with synthesized standards 
[Bendahl L., 2005]. Since monosaccharides and the Se-sugar are not volatile they need to be 
derivatized for GC analysis. Care should be taken as the extreme reactions occurring during 
the derivatization process may endanger the integrity of the Se-species.  A method based on 
the use of GC-MS was developed to detect and identify the Se-sugar in human urine. 
Standard monosaccharides were used to optimize the method, since the availability of the 






N-acetyl-D-galactosamine (98%) (GalNAc), N-acetyl-D-glucosamine (98%) (GlcNAc), N, O-
bis(Trimethyl-silyl)trifluoroacetamide (BSTFA) and methyl-N-acetyl-β-D-glucosamine (Me-
GlcNAc) were from Sigma (St. Louis, MO, USA). The selenosugar: 1-β-methylseleno-N-
acetyl-D-galactosamine, was synthesized at the Graduate School of Pharmaceutical 
Sciences, Chiba University, Japan. Chlorotrimethylsilane (TMSC) and toluene were from 





The analyses were done on an Agilent GC model 6890. The mass spectrometer equipped 
with an electron impact source was an Agilent 5973 (Agilent Technologies, Little Falls, 
Delaware, U.S.A.). 
For separation, a HP-5MS capillary column was used (film thickness: 0.25 µm, Length: 30 m, 




A volunteer (female 26 years old) took 5 SelenoPrecise tablets a day at noon on day 1, 2 and 
6. According to the results obtained in Chapter 10, the maximum Se excretion occurs 4-10 
hours after supplementation. Urine samples were collected on day 2 and day 6, five hours 
after supplementation. The urine samples were filtered through a glass fibre filter and kept at 




There are several ways to derivatize molecules for GC analysis. For the analysis of 
monosaccharides and (N-acetyl)hexosamines silylation is preferred. Several reagents and 
procedures are described in the literature [Bartolozzi F., 1997],  [Biermann C.J., 1989], [De 
Bettignies-Dutz A., 1991], [TRoyano E., 1991]. By silylation, active hydrogens are replaced 
by alkylsilyl groups such as trimethylsilyl (TMS) or t-Butyldimethylsilyl (t-BDMS). The 
silylderivatives are more volatile, less polar and more thermally stable, resulting in improved 
GC separation and enhanced detection. The silylation procedure used in this study was 
based on the combined action of BSTFA and TMSC [Watson D.G., 1993]. To 1 mg of the 
compound (GalNAc, GlcNAc and Me-GlcNAc), 100 µl of BSTFA and 50 µl of TMSC were 
added. The mixture was placed in an oven at 60°C for 2 hours; after cooling the samples 
were made up to 1 ml with toluene. In the case of the Se-sugar 100 µl BSTFA and 50 µl 
TMSC were added to an 0.3 mg aliquot and after derivatization the sample was made up to 
0.5 ml with toluene. To test the derivatization procedure in the urine matrix, the following 
samples were made: Me-GlcNac was added to urine in a concentration of 100 mg l-1. A 1 ml 
aliquot of the spiked urine was freeze dried, 200 µl of BSTFA and 100 µl of TMCS were 
added. The sample was placed in an oven at 60°C for 2 hours. After derivatization the 
sample was made up to 1 ml with toluene. The supernatant was removed and kept at 4°C. 
The urine samples taken after supplementation were treated as follows. A 1 ml aliquot was 
freeze dried, 200 µl BSTFA and 100 µl of TMCS were added. The samples were placed in 
the oven (60°C) for 2 hours and afterwards reconstituted in toluene (final volume 1 ml). The 
supernatant was removed and kept at 4°C till analysis. Due to matrix effects (see § 11.6) the 
derivatization procedure for the urine samples, presumably containing the Se-sugar, was 
altered. Five 0.5 ml aliquots were freeze dried, 100 µl BSTFA and 50 µl TMCS were added. 
After reconstituting the volume to 0.5 ml with toluene, the samples were kept at room 
temperature for 4 hours. The supernatants were removed and kept at 4°C prior to further 














(or 22°C, 4 h)
 
Figure 11.1: Derivatization of the Se-sugar 
 
11.2.5 Separation and detection method 
 
The derivatized standard solutions and spiked urine samples were injected (1 µl) in split 
mode (split ratio 50:1). The urine samples (obtained after supplementation), being first 
derivatized, were injected splitless (1 µl). The temperature of the inlet was set at 280°C. 
Helium was used as carrier gas at a flow rate of 1.5 ml min-1. The temperature gradient was 
as follows: the initial temperature of the column was 50°C and was raised to 320°C at 10°C 
min-1, the temperature was kept at 320°C for 5 min. The total run time was 33 min. The EI 
source was operated at 70 eV. The solvent delay was set at 10 min. In the full scan mode 
m/z ranged from 50-600. The parameters for Single Ion Monitoring (SIM) were as follows: 
resolution was set low, dwell time was 100 ms and the mass was set at the appropriate m/z 
ratio. 
 
11.3 GC-MS for the determination of the sugar standards  
 
Due to the limited availability of the Se-Methyl-N-acetylgalactosamine standard, other 
standard sugars were used to develop and optimize the method. N-acetyl-galactosamine and 
N-acetyl-glucosamine were chosen for the optimization of the separation. Under the above 
mentioned conditions it was possible to separate both compounds. This was interesting for 
the later identification of the Se-sugar in urine because LC-ESI-MS-MS can not distinguish 
between different types of hexoses (Chapter 10). In Figure 11.2 the GC-MS chromatograms, 
obtained in the full scan mode, of GalNAc (A) and GlcNAc (B) are shown. Underneath the 
respective chromatograms the mass spectra of N-acetyl-galactosamine (C) and N-acetyl-
glucosamine (D) are shown.  The m/z of these compounds was calculated to be 509. In the 
spectrum of GlcNac and GalNAc the prominent ions are: m/z 73, 131, 147, 173, 191, 204, 
217, 233, 259 and 494. The peak at m/z 73 (TMS) is typical for TMS derivatives analysed 
under EI conditions. M/z 191 ((CH3)3SiOCH=OSi(CH3)3+), 204 (CH3)3SiOCH=CHOSi(CH3)3+) 
and 217 ((CH3)3SiOCH=CH-CH=OSi(CH3)3+) suggest the presence of a TMS hexose. 
Furthermore, TMS derivatives of aminosugars have two characteristic fragments, namely at 
m/z 131 [DeJongh D.C., 1969], [Kitson F.G., 1996] and at m/z 173 [Merkle R.A., 1994]. The 
peak at 494 indicates the loss of a CH3 moiety.  
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Figure 11.2: GC-MS chromatograms (full scan) of GalNAc (A), GlcNAc (B) with their 
respective mass spectra (C and D). 
 
From the chromatograms it is seen that the N-acetyl hexosamines were separated from each 
other (GalNAc (tR 13.595) and GlcNAc (tR 13.868)). Methyl-N-acetyl glucosamine 
(MeGlcNAc) was examined by the same method. This was done since this sugar shows 
structural similarity to the proposed Se-sugar. The chromatogram (A) and the spectrum (B) of 
MeGlcNAc are shown in Figure 11.3. 









































Figure 11.3: Full scan chromatogram of Me-GlcNAc (A) and its corresponding spectrum (B). 
 
The molecular mass of Me-GlcNAc is 451 and it can be seen in the spectrum that the first 
formed fragment is at m/z 436: the loss of a methyl group. The prominent ions detected in 








11.4 GC-MS of the synthesized Se-sugar 
 
The method was then applied to the derivatized Se-sugar standard Se-Methyl-N-acetyl 
galactosamine. The sample was diluted 100 times prior to injection. The chromatogram and 
the spectrum are shown in Figure 11.4.  





























































Figure 11.4: Chromatogram of the derivatized Se-sugar (obtained in full scan) (A) and its 
spectrum (B). 
 
The retention time of the Se-sugar was 20.89 min. In the spectrum of the Se-sugar, some 
common ions for trimethylsilylated N-acetylhexosamines can be observed: m/z 73, 147, 173, 
204 and 217. Two other prominent ions are present in the higher mass range i.e. at m/z 330 
and 420. The m/z of the TMS Se-sugar was calculated to be 515. The m/z 420 can be 
assigned to the loss of CH3Se of the derivatized Se-sugar (this was also the first fragment to 
be lost in ESI-MS-MS (see § 10.7.3). Ion m/z 330 is the result of subsequent loss of a 
trimethylsilanol ((CH3)3SiOH) group from m/z 420. Both the ions 330 and 420 are very 
specific for analysis of the urine samples on the Se-sugar. Both ions can be used for 
measurements in SIM mode and elucidation is positive when the ratio 330/420 is respected.  
 
11.5 GC-MS for determination of the Se-sugar in the urine samples  
 
When derivatizing and analyzing urine samples, many other factors play a role: the freeze 
drying process, the derivatization process and the competition of other compounds in the 
derivatization and finally the influence of the matrix. Preliminary experiments were therefore 
done by spiking Me-GlcNAc to urine and treating the sample as would be done for analysis 
of the Se-sugar in human urine. It seemed that at the spiked concentration, the Me-GlcNAc 
could be detected. Concentration of the Se-sugar in the real samples is, however, much 
lower. When analyzing the derivatized urine sample, presumably containing the Se-sugar, 
the chromatogram was so complex that it was impossible to detect the Se-sugar. Even when 
extracted ion chromatograms of ions 330 and 420 were taken, the Se-sugar could not be 
distinguished. It was concluded that the samples were far too complex for analysis and, 
hence, it was decided to derivatize the urine samples under less severe conditions (i.e. at 
room temperature instead of at 60°C).  This way a less complex sample was obtained, since 
some interfering compounds were not derivatized under these conditions. In order to bring 
into chart the influence of the matrix on the retention time, the sample (day 2) was spiked 
with the derivatized standard Se-sugar (addition of 10 µl of the derivatized Se-sugar solution 
(0.6 mg ml-1) to 100 µl of derivatized urine samle). The extracted ion chromatograms of this 
sample are shown in Figure 11.5. The black line represents ion m/z 330, the green line ion 
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Figure 11.5: Extracted ion chromatogram of a urine sample spiked with the Se-sugar (black 
line: m/z 330, green line: m/z 420).  
 
In this chromatogram it can be seen that the ratio of m/z 330 and m/z 420 is equal to the one 
observed in the spectrum of the standard Se-sugar. The retention time of the Se-sugar was 
subject to a small shift due to the matrix. The Se-sugar elutes at 20.45 min in the presence of 
the urine matrix. 
Both samples of day 2 and day 6 were then analyzed by this method. A chromatogram 
obtained in full scan is shown in Figure 11.6 (A). It is clear from this chromatogram that it is 
impossible to distinguish the Se-sugar. When an extracted ion chromatogram was generated 
of the ions 330 and 420 a more simple image was produced as shown in Figure 11.6 (B).  
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Figure 11.6: Full scan chromatogram of the urine sample (day 2) (A), Extracted ion 
chromatogram of the ions with m/z 330 (black line) and 420 (green line) of the same sample 
(B), spectrum of the Se-sugar present in the urine sample (C) and enlargement of the 
extracted ion chromatogram (D). 
 
It remained difficult to distinguish the ions m/z 330 and 420 at the retention time of the Se-
sugar. The spectrum obtained at the retention time of the Se-sugar is shown in Figure 11.6 
(C). Some of its prominent ions can be detected, but the ions 330 and 420 are difficult to see. 
In Figure 11.6 (D) an enlargement of the extracted ion chromatogram is shown, revealing the 
presence of both ions in the appropriate ratio at the retention time of the Se-sugar. The same 
results were obtained for the urine sample collected on day 6. 
The same sample was also measured in SIM mode (detection on m/z 330 and 420). The 
results of these measurements are shown in Figure 11.7. In the upper part the complete SIM 
chromatogram is given; in the lower part an enlargement indicating the presence of the Se-
sugar is presented. Two SIM chromatograms are given corresponding to the ion m/z 330 
(black) and the ion m/z 420 (green). 
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Figure 11.7: SIM chromatogram (detection of m/z 330 and 420) of the urine sample (day 2). 
In the lower part of the figure an enlargement of the chromatograms corresponding to SIM of 
m/z 330 (black) and m/z 420 (green) are given around the retention time of the Se-sugar. 
 
In the SIM chromatograms it can be seen that the ratio 330/420 is in accordance to the one 
found in the spectrum of the synthesized Se-sugar.  
11.6 Overview and conclusion 
 
The method discussed in this chapter has proven to be successful for the detection of the 
Se-sugar in a human urine sample.  Although it is not explicitly demonstrated here, the 
method should enable to distinguish between different types of Se-hexosamines. It was 
possible to determine the Se-sugar without any form of sample preconcentration or sample 
clean-up. GC-MS for the determination of Se-sugars in human urine offers great 
perspectives in terms of automation and quantification. In order to fully exploit the capabilities 
of GC-MS in this area, further research is needed. Of utmost importance, however, is the 
availability of a standard in high purity and insufficient quantity. Standard addition will be the 
method of choice for quantitation. Compared to the method described in Chapter 10, this 
method allows faster analysis and is far more simple. An overview of the analytical strategy 
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Figure 11.8: Schematic overview of the analytical approach followed for the determination of 
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Summary and conclusion 
 
The first chapter gives an introduction on the clinical importance of Se(-species). 
Furthermore, some basic terms related to speciation are explained (Chapter 1). Background 
information on Se-species, their role in human health and impact on food and the food chain 
are discussed in Chapter 2. The principles of the analytical techniques and their application 
in Se-speciation are described in Chapter 3. Chapter 4 presents a critical literature survey of 
the use of these techniques in Se-speciation.  
Several methods based on the combination of different state-of-the-art analytical techniques 
were developed to meet the needs of Se-speciation analyses in complex biological matrices. 
The first attempts were made by hyphenation of an ion pairing LC method to HG-AFS. The 
sensitivity and stability of the detection was not sufficient for these purposes and, hence, the 
LC method was coupled to ICP-MS. By using LC-ICP-MS, several compounds could be 
separated and detected. The LC conditions were such that they were compatible with both 
elemental and molecular detection. As LC-ICP-MS only gives information on the Se-species 
distribution, but lacks specificity to identify the compounds, molecular mass spectrometry is 
needed.  By combining the LC method with ESI-MS-MS an excellent and powerful method is 
available for Se-speciation analyses in a diversity of matrices (Chapter 5). 
When applying the method to real samples, some adaptations had to be made to the system. 
The column dimensions needed to be reduced to be able to detect the species in real 
samples with ESI-MS-MS. The first area of interest was the analysis of Se-supplements. This 
topic is of public concern and analytical chemistry can help in tracing fraud and falsifications. 
The main compound identified in three different yeast based supplements after proteolytic 
digestion was Se-Met. This was done by combining LC-ICP-MS and LC-ESI-MS-MS. The 
compound was identified by retention time matching, detection of the molecular ion and its 
product ions. The same approach was followed to detect and identify the Se-species formed 
during the fermentation process of selenized yeast (Chapter 6).  
In Chapter 7, the same method was used for identification of the Se-species in Brazil nuts. 
LC-ICP-MS measurements revealed the presence of two Se-species after enzymatic 
digestion. Se-Met was identified in the same way as in the supplements. For the minor 
compound the isotopic profile of Se in the spectrum brings solace. Se-(Cys)2 was identified 
according to retention time matching and detection of the molecular ion and its product ion 
on 2 different isotopes of Se (Chapter 7). 
Apart from Brazil nuts and yeast, which tend to incorporate Se in their proteins, plants like 
garlic are able to accumulate high amounts of Se without becoming toxic to the plant. Hence, 
speciation analysis in these plants becomes of major interest. The method was slightly 
adapted to meet the needs for determination of the species in Se-enriched garlic. Four 
compounds were detected in the LC-ICP-MS chromatogram, of which three co-eluted with a 
standard solution: Se-Met, Se-(Cys)2 and Se-MeSeCys. The other compound was suspected 
to be a dipeptide: γ-glu-SeMeSeCys due to its chromatographic behaviour and inspired by 
literature data. For the latter compound, no standard is available. Confirmation of the identity 
of Se-Met and Se-MeSeCys was done via detection of the product ions typical for this 
molecule. For γ-glu-SeMeSeCys some typical product ions were measured on three different 
isotopes of Se, leading to its identification in garlic, without any sample clean-up (Chapter 8).  
Chapter 9 deals with the in vitro gastrointestinal digestion of yeast-supplements, Brazil nuts 
and garlic. The goal of this study was to detect the extractability and stability of the different 
Se-species formerly detected in these matrices. The different food sources were submitted to 
in vitro gastric and in vitro intestinal digestion in order to mimic the conditions in the human 
digestion process. It seemed that, for the supplements, the major compound extracted was 
Se-Met; a small amount of Se-(Cys)2 and SeOMet were also detected. The amount of Se 
extracted, varied from supplement to supplement and is of importance for further 
bioavailability studies. When studying the Brazil nuts, it was observed that the amount of Se 
liberated during the in vitro treatment was only a fraction of what was liberated for the 
supplements. It was stated that this might be due to the fact that high amounts of fat are 
involved in this matrix and competed during the digestion process, a statement which was 
confirmed later on (Chapter 10). The main species identified in the Brazil nuts were Se-Met 
and Se-(Cys)2. Because of the strong anticarcinogenic properties of Se-MeSeCys and γ-glu-
SeMeSeCys, these species are of interest during this study. It seemed that 6 species were 
extracted from the garlic during the in vitro gastrointestinal digestions and the treatment with 
saliva: Se-(Cys)2, Se-Met, Se-MeSeCys, γ-glu-SeMeSeCys and 2 unknown species of which 
it remains to be determined whether they are transformation products or species only 
extractable under these conditions. There seemed to be a correlation between the amount of 
Se-MeSeCys and γ-glu-SeMeSeCys extracted. Se-Met, Se-MeSeCys and γ-glu-SeMeSeCys 
were identified as in Chapter 8. All species from all matrices were extractable, but not always 
to the same extent. The in vitro digestions described in this work give a good idea of what is 
happening in the human body, although it should be kept in mind that the image is not 
complete. 
In Chapter 10, the excretion of Se via urine is studied. In several trials, individuals were 
supplemented with either Se-supplements or Brazil nuts. It appeared that, once the individual 
was supplied with sufficient Se, the excess Se was excreted to the same extent and under 
the same form after intake of either supplements or nuts. The majority of the (non-volatile) 
Se-species were excreted 4-10 h after the intake of the food. Analysis by LC-ICP-MS 
revealed the presence of one major metabolite being responsible for the higher Se-
concentrations in urine. The compound co-eluted with a synthesized standard: Se-Methyl-N-
acetylgalactosamine. The concentration of the compound seemed to be close to the LOD for 
LC-ESI-MS-MS of a compound look alike (Methyl-N-acetyl-glucosamine). Hence, sample 
clean-up was necessary: salts and urea were removed, preconcentration was done with 
preparative LC. The sample was then analysed by LC-ESI-MS-MS after optimization with 
commercially available sugar standards. All product ions typical for N-acetyl hexosamines 
were detected. The evidence for the presence of a Se-sugar was demonstrated by detecting 
the loss of the fragment at the C1 position in combination with the isotopic pattern of Se. The 
major limitation of this method was the lack of sensitivity and the fact that the type of 
hexosamine could not be determined. 
Finally in Chapter 11, the major drawback of Chapter 10 was overcome. GC-MS was applied 
for the identification of the main urinary Se-metabolite after consumption of Se-rich food. A 
method was developed for this purpose by using commercially available sugar standards. 
After trimethylsilylation, the synthesized Se-sugar was examined by GC-MS. The spectrum 
obtained for this standard revealed the presence of some ions typical for N-
acetylhexosamines and could be used for the identification of the Se-metabolite in human 
urine. Trimethylsilylation of a human urine sample (after consumption of SelenoPrecise), 
showed the same spectrum as for the synthesized Se-sugar. This latter method was far more 
simple and sensitive for the detection of the metabolite in urine than was the LC-ESI-MS-MS 
approach. 
In general, it can be said that the speciation analysis in all these different matrices was not 
always that easy, but there were several ways to overcome the problems leading to 
successful identification of several Se-species without extensive sample clean-up. The 
method(s) described can be used in the control of Se-fortificants, but can also be of interest 
in the analysis of new functional food. 
A major topic of interest remains the metabolism of Se-MeSeCys and γ-glu-SeMeSeCys, 
since these compounds might follow a different pathway in the human body and are of 
specific interest in cancer research. Another topic of concern is the treatment of the food 
prior to consumption. From the analysis of the urine samples it was clear that both Se-
supplements and Brazil nuts are metabolized in the same way and to the same extent. The 
latter are true competitors for Se-supplementation. Both of them are consumed as such. 
Although garlic might be a better alternative for supplementation (due to its specific species), 
it should be kept in mind that for this food the situation is different. Whereas supplements 
and Brazil nuts are consumed as such, in our culture this is not the case for garlic. Garlic is 
used in various preparations and often treated prior to consumption (heating, use of other 
food constituents). The stability of the species in garlic under these conditions is highly 
questionable and certainly needs attention. This is a most interesting item for further 
research and a real challenge to demonstrate the additional power of GC-MS and LC-MS to 
get a complete picture of the original species, the transformed species and the volatile 
species formed during cooking. The versatility and strength of the developed methods 
discussed in this work make them highly suitable in the different areas of interest where Se is 


































Samenvatting en besluit 
 
In het eerste hoofdstuk wordt in het kort het klinisch belang van Se als spoorelement 
weergegeven. Verder worden enkele belangrijke begrippen omtrent speciatie beschreven 
(Hoofdstuk 1). In Hoofdstuk 2 wordt dieper ingegaan op het element Se. Naast 
achtergrond informatie worden  de rol van Se bij de mens, zijn plaats in de gezondheid en 
impact op de voeding verder uitgediept. De analytische technieken die tijdens dit werk 
werden gebruikt worden beschreven in Hoofdstuk 3. Niet alleen het principe wordt er 
uitgelegd, maar ook de toepassingsmogelijkheden voor Se worden besproken. In Hoofdstuk 
4 wordt een kritisch literatuur overzicht van het gebruik van deze technieken in Se-speciatie 
gegeven.  
In dit werk werden verschillende methoden ontwikkeld die gebaseerd zijn op de combinatie 
van diverse geavanceerde analytische apparatuur ten einde te voldoen aan de specifieke 
noden voor Se-speciatie analyse. De eerste pogingen waren gebaseerd op het gebruik van 
ionenpaar vloeistofchromatografie in combinatie met HG-AFS. De gevoeligheid en stabiliteit 
van de detectie bleek echter ontoereikend voor de beoogde doeleinden. Daarom werd de LC 
methode gekoppeld met ICP-MS. Door gebruik te maken van LC-ICP-MS konden 
verschillende Se-species gescheiden en gedetecteerd worden. De LC condities werden zo 
gekozen dat ze koppeling met zowel elementaire als moleculaire massaspectrometrie 
toelieten. LC-ICP-MS geeft enkel informatie omtrent de verdeling van de Se-species. 
Specificiteit ontbreekt, waardoor de identiteit van de species niet kan worden achterhaald. 
Daarom is moleculaire massa spectrometrie (ESI-MS-MS) een noodzaak voor de verdere 
analyse. Door combinatie van LC met ESI-MS-MS werd een uitstekende en krachtige 
methode bekomen voor de speciatie-analyse in diverse complexe matrices (Hoofdstuk 5). 
Wanneer deze methode werd toegepast op echte monsters dienden enkele aanpassingen te 
worden doorgevoerd. De kolomdimensies dienden te worden gereduceerd ten einde de 
species in de echte monsters te kunnen meten met ESI-MS-MS. Eerste doelstelling van het 
werk was de analyse van Se-supplementen. Dit onderwerp wordt met argusogen bekeken en 
analytische chemie kan helpen bij het opsporen van fraude en vervalsingen. De 
hoofdcomponent die werd geïdentificeerd na enzymatische digestie in drie verschillende 
gistsupplementen is Se-Met. Dit werd uitgevoerd door combinatie van LC-ICP-MS en LC-
ESI-MS-MS. De component werd geïdentificeerd op basis van het vergelijken van de 
retentietijd, detectie van het moleculair ion en de product ionen. Dezelfde strategie werd 
aangewend om de Se-species te detecteren die werden gevormd tijdens het fermentatie-
proces van met Se aangerijkte gist (Hoofdstuk 6). 
In Hoofdstuk 7 werd dezelfde methode aangewend voor de identificatie van de Se-
componenten in Braziliaanse noten. De LC-ICP-MS metingen toonden aan dat hier 2 
componenten aanwezig waren na enzymatische digestie. Se-Met werd op dezelfde wijze 
gekarakteriseerd als in de supplementen. Voor de andere component bracht het isotopen 
patroon van Se in het spectrum soelaas. Se-(Cys)2 werd geïdentificeerd op basis van 
metingen van het moleculair ion en de product ionen op 2 verschillende isotopen.  
Naast Braziliaanse noten en gist, die Se incorporeren in hun proteïnen, zijn er ook nog 
andere planten, zoals look die de mogelijkheid hebben om grote hoeveelheden Se te 
accumuleren zonder dat de plant geïntoxiceerd wordt. Speciatie-analyse in deze planten is 
dan ook van groot belang. De methode werd licht gewijzigd ten einde te voorzien in de 
noden bij bepaling van de species in met Se aangerijkte look. In het LC-ICP-MS 
chromatogram werden 4 componenten gedetecteerd. Drie ervan co-elueerden met een 
standaard, namelijk: Se-Met, Se-MeSeCys en Se-(Cys)2. Vermoed werd dat de vierde 
component, door zijn gedrag in het chromatogram en mede door data uit de literatuur, een 
dipeptide was: γ-glu-SeMeSeCys. Voor γ-glu-SeMeSeCys is echter geen commerciële 
standaard voorhanden. De identiteit van Se-Met en Se-MeSeCys werd bevestigd door 
detectie van hun typische product ionen. Voor γ-glu-SeMeSeCys werden enkele van hun 
typische product ionen gemeten op drie verschillende isotopen van Se. Dit leidde tot de 
identificatie van deze component in look, zonder enige vorm van monstervoorbewerking 
(Hoofdstuk 8). 
Hoofdstuk 9 spitste zich toe op de in vitro gastrointestinale digesties van gist-supplementen, 
Braziliaanse noten en look. Het doel van deze studie was om na te gaan hoe extraheerbaar 
en stabiel de componenten zijn die eerder in deze matrices werden gedetecteerd. De 
verschillende voedingsbronnen werden onderworpen aan gesimuleerde processen die de 
digestieomstandigheden in delen van het spijsverteringsstelsel nabootsen. Hieruit bleek dat 
de hoofdcomponent die geëxtraheerd werd uit de supplementen, Se-Met was; kleine 
hoeveelheden Se-(Cys)2 en SeOMet werden eveneens gedetecteerd. De hoeveelheid Se 
geëxtraheerd was verschillend voor de verschillende supplementen en dit is van belang in 
verdere studies met betrekking tot bio-beschikbaarheid. Bij analyse van de Braziliaanse 
noten bleek dat de hoeveelheid Se die kon worden geëxtraheerd slechts een fractie was van 
die bij de supplementen. Dit is mogelijk te verklaren door het hoge vetgehalte van de noten. 
Tijdens de digesties wordt de invloed van de lever en de gal buiten beschouwing gelaten. De 
vetten beconcurreerden mogelijk de Se-species tijdens de experimenten, wat later bevestigd 
werd in Hoofdstuk 10. De hoofdcomponenten die werden gedetecteerd in de Braziliaanse 
noten waren Se-Met en Se-(Cys)2. Omwille van hun sterk anticarcinogene eigenschappen is 
het van belang γ-glu-SeMeSeCys en Se-MeSeCys te onderzoeken op hun 
extraheerbaarheid en stabiliteit tijdens het menselijk verteringsproces. Er bleken 6 species te 
worden geëxtraheerd uit de look tijdens de in vitro gastrointestinale digesties en behandeling 
met speeksel: Se-Met, Se-(Cys)2, Se-MeSeCys, γ-glu-SeMeSeCys en 2 onbekende 
componenten, waarvan de identiteit niet kon worden achterhaald. Tot op heden is het 
onduidelijk of deze species werkelijk aanwezig zijn in de look of, of het om transformaties 
van de andere bestanddelen gaat. Er bleek een correlatie te bestaan tussen de 
geëxtraheerde hoeveelheid γ-glu-SeMeSeCys en Se-MeSecys. Se-Met, Se-(Cys)2, Se-
MeSeCys en γ-glu-SeMeSeCys werden geïdentificeerd zoals in Hoofdstuk 8. Er kon worden 
besloten dat alle species onder de in vitro gastrointestinale condities konden worden 
geëxtraheerd, doch niet steeds in dezelfde mate. Hoewel het beeld nog niet volledig is, 
geven de beschreven in vitro digesties reeds een goed idee over wat er gebeurt in het 
menselijk lichaam. 
In Hoofdstuk 10 werd de excretie van Se via urine verder onderzocht. Aan verschillende 
personen werden ofwel Se-supplementen, ofwel Braziliaanse noten toegediend. Er kon 
worden geconcludeerd dat eens het individu voldoende Se had opgenomen, Se werd 
uitgescheiden in dezelfde mate en onder dezelfde chemische vorm, zowel bij inname van 
supplementen als Braziliaanse noten. Het merendeel van het Se werd uitgescheiden tussen 
4 en 10 uur na inname. Analyse met LC-ICP-MS toonde aan dat één metaboliet 
verantwoordelijk was voor de hogere Se-excretie. Deze metaboliet co-elueerde met een 
gesynthetiseerde standaard: Se-methyl-N-acetylgalactosamine. De concentratie van de 
component bleek in de buurt van de LOD te liggen voor meting van dergelijke componenten 
in urine met LC-ESI-MS-MS. Hierdoor dienden de monsters voorafgaandelijk te worden 
opgezuiverd: zouten en ureum werden verwijderd. Verder opzuiveren gebeurde met 
preparatieve LC. Na optimalisatie van de parameters aan de hand van commercieel 
verkrijgbare N-acetyl hexosamines, werd het monster met LC-ESI-MS-MS geanalyseerd. 
Alle product ionen typisch voor (methyl)-N-acetylhexosamines werden gedetecteerd. De 
aanwezigheid van een Se-suiker werd aangetoond  door detectie van het fragment dat wordt 
afgesplitst op de C1 positie in combinatie met het isotopen patroon van Se. De grootste 
beperking van deze methode bleek het gebrek aan gevoeligheid en het feit dat het type 
hexosamine niet kon worden bepaald. 
Ten slotte wordt in Hoofdstuk 11, aan de grootste tekortkoming uit Hoofdstuk 10 tegemoet 
gekomen. GC-MS werd aangewend voor de identificatie van de Se-metaboliet in urine na 
consumptie van Se-rijk voedsel. Er werd een methode ontwikkeld aan de hand van 
commercieel verkrijgbare suikerstandaarden. Na trimethylsilylering werd de gesynthetiseerde 
Se-suiker onderzocht met GC-MS. Het spectrum toonde enkele ionen die typisch zijn voor N-
acetylhexosamines en kon worden gebruikt in de identificatie van de Se-metaboliet in urine. 
Trimethylsilylering van een urine monster (na consumptie van supplementen), toonde 
hetzelfde spectrum als dat van de trimethylgesilyleerde standaard Se-suiker. Deze methode 
was beduidend eenvoudiger en gevoeliger voor de detectie en identificatie van de Se-suiker 
in urine dan de LC-ESI-MS-MS methode. 
Algemeen kan worden gesteld dat speciatie-analyse van Se in deze diverse matrices niet 
altijd een even eenvoudige opdracht was, maar dat er verschillende manieren zijn om de 
problemen te verhelpen wat alsnog tot een succesvolle identificatie leidt van diverse Se-
species zonder dat er uitgebreide monsteropzuivering voor nodig is. De methoden die in dit 
werk werden beschreven, kunnen worden aangewend voor de controle van Se-
supplementen, tevens kunnen ze worden aangewend in de analyse van nieuw ‘functional 
food’. 
Een item dat zeker verdere aandacht verdient is het metabolisme van Se-MeSeCys en γ-glu-
SeMeSeCys, daar deze componenten ook in het menselijk lichaam op een andere wijze 
gemetaboliseerd worden en van extreem belang blijken in onderzoek naar kanker. Een 
ander onderwerp dat verder dient te worden uitgediept is de behandeling van Se-rijk voedsel 
vóór consumptie. Uit de analyses van urine na consumptie van supplementen en noten  
bleek duidelijk dat beiden in dezelfde mate werden gemetaboliseerd, wat niet kon worden 
besloten uit de in vitro gastrointestinale digesties. Dit maakt de Braziliaanse noot tot een 
geduchte concurrent van de Se-supplementen. Zowel de Braziliaanse noten als de 
supplementen worden geconsumeerd als dusdanig. Hoewel look een beter alternatief lijkt, 
dienen bepaalde aspecten verder uitgediept te worden. In onze cultuur wordt look zelden of 
nooit als dusdanig geconsumeerd, het wordt vóór consumptie behandeld (verwarmd, 
toevoegen van andere ingrediënten). De stabiliteit van de species onder deze 
omstandigheden moet aldus in vraag gesteld worden en vormt een onderwerp voor verder 
onderzoek. Hierbij kan het aanvullende karakter van GC-MS en LC-MS zorgen voor een 
volledig beeld van de originele, getransformeerde en vluchtige species. Het uitgebreide 
werkgebied en de sterkte van deze methoden zorgen ervoor dat ze uitermate geschikt zijn in 
verschillende gebieden waar Se is in betrokken: toxicologie, voedingsleer, wetgeving en 













Appendix I: Abbreviations 
 
AAS   Atomic Absorption Spectrometry 
ADI   Acceptable Daily Intake 
AED   Atomic Emission Detection 
AES   Atomic Emission Spectrometry 
AFS   Atomic Fluorescence Spectrometry 
API   Atmospheric Pressure Ionization 
APCI   Atmospheric Pressure Chemical Ionization 
APPI   Atmospheric Pressure Photo Ionization 
BDHCL  Boosted Discharge Hollow Cathode Lamp 
BSTFA  N, O-bis(trimethyl-silyl)trifluoroacetamide 
CE   Capillary Electrophoresis 
CE   Collision Energy 
CGC   Capillary Gas Chromatography 
CI   Chemical Ionization 
CID   Collision Induced Dissociation 
Da   Dalton 
DC   Direct Current 
2D-GE   Two Dimensional Gel Electrophoresis 
2D-LC   Two Dimensional Liquid Chromatography 
DRC   Dynamic Reaction Cell 
DTT   Dithiothreitol 
EI   Electron Impact 
ESADI   Estimated Safe and Adequate Dietary Intake 
ESI   Electrospray Ionization 
FT-ICR-MS  Fourrier Transform Ion Cyclotron Resonance Mass Spectrometry 
GalNAc  N-Acetylgalactosamine 
GlcNAc  N-Acetylglucosamine 
GSH   Glutathione 
GSHPx  Glutathione peroxidase 
HG   Hydride Generation  
ICP-MS  Inductively Coupled Plasma Mass Spectrometry 
ID   Internal Diameter 
INAA   Instrumental Neutron Activation Analysis 
IT   Ion Trap 
LA   Laser Ablation 
LC   Liquid Chromatography 
LOAEL  Lowest Observed Adverse Effect Level 
LOD   Limit of Detection 
MALDI   Matrix Assited Laser Desorption Ionization 
MIP   Microwave Induced Plasma 
MRM   Multiple Reaction Monitoring 
MS   Mass Spectrometry 
MW   Microwave Oven 
m/z   Mass to Charge ratio 
NMR   Nuclear Magnetic Resonance 
NOAEL  No Observed Adverse Effect Level 
OD   Outer Diameter 
PAGE   Polyacrylamide Gel Electrophoresis 
PB   Particle Beam 
PD-MS  Post-source Decay Mass Spectrometry 
PN   Pneumatic Nebulization 
Q   Quadrupole 
RDA   Recommended Dietary Allowance 
RDI   Recommended Dietary Intake 
RF   Radio Frequency 
RPLC   Reversed Phase Liquid Chromatography 
SDS   Sodium Dodecyl Sulfate 
SEC   Size Exclusion Chromatography 
SGF   Simulated Gastric Fluid 
SIF   Simulated Intestinal Fluid 
SIMS   Secondary Ion Mass Spectrometry 
SIR   Selected Ion Recording 
SPME   Solid Phase Micro Extraction 
TEACl   TetraEthylAmmonium Chloride 
TFA   Trifluoroacetic Acid 
TMAH   TetraMethylAmmonium Hydroxide 
TMSC   Chlorotrimethylsilane 
TOF   Time of Flight 
u   Unit 
UL   Tolerable Upper Intake Level 
UPLC   Ultra Performance Liquid Chromatography 
UV   Ultra Violet 





































Appendix II: Amino acids and their abbreviations 
 
Amino acid Three-letter abbreviation One-letter symbol 
Alanine Ala A 
Arginine Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Glutamine Gln Q 
Glutamic acid Glu E 
Glycine Gly G 
Histidine His H 
Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Val V 
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